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Abstract
This work investigates the use of nanoimprint lithography for creating nanoscale
resonator devices for applications in mass sensing. A bilayer resist consisting
of PMMA 495/LOR 3A allowed the ideal imprint yield for resonators with
widths ranging from 300 nm down to 120 nm. Resonators with widths of 300
nm, lengths of 14 µm, and thicknesses of 40 nm and 70 nm were fabricated
with a yield approaching 100%. These devices were assayed, with resonant
frequencies approaching 16.4 MHz and 21.6 MHz for the 40 and 70 nm thick
devices respectively. Biotin-streptavidin was adsorbed onto the resonators,
and the mass-per-area detected for the streptavidin protein was 0.78 mg/m2
for the 40 nm thick beams, corresponding to 1 molecule per 128 nm2 . The
mass-per-area for the 70 nm thick beams was determined to be 3.57 mg/m2 ,
corresponding to 1 protein per 21 nm2 .
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CHAPTER 1
Introduction to MEMS/NEMS

1.1

Beginnings of Nanotechnology

The field of nanotechnology was first proposed to the scientific community at
large when Richard Feynman gave a talk in 1959 titled “There is Plenty of
Room at the Bottom” to the American Physics Society at Caltech (1). He
outlined how the fields of physics, chemistry, and biology can greatly benefit from nanotechnology through better electron microscopes to observe the
structures of DNA and other molecular compounds. He also discussed the
possibilities of miniaturizing certain technologies like computers. He gave out
examples of how to construct these small components, such as using electron
beam microscopes to create small details on a substrate. He also discussed the
potential uses of using light from an optical microscope to etch designs onto a
substrate. This idea led to the optical lithography systems seen in laboratories
today, which has some similarities to his initial idea. Technologies were soon
developed to make these ideas from his talk come to fruition. This led to the
first microelectromechanical systems (MEMS) that are now widely spread.

1
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Microelectromechanical Systems

Microelectromechanical systems, or MEMS, refers to any device or groups of
devices which can perform functions within an area of less than 1 mm2 . MEMS
generally involve both electronic and non-electronic components which are
capable of performing many different functions, such as signal processing or
acquisition (sensing), displays, and control (2). These devices work together, or
are integrated, onto a common substrate which is usually made of silicon. The
most common applications for MEMS include integrated circuits in computers,
accelerometers in automobiles, and cell phones, to name a few. MEMS devices
can also be categorized as sensors or actuators. Sensing microdevices consist of
one or more elements which can detect an external stimulus such as pressure or
acceleration. This stimulus is converted into an electrical signal for processing
to extract additional information. Actuating devices take an electrical stimulus
and translates it into a mechanical force for movement, such as manipulation
or transporting materials. MEMS have recently been used in devices which
do not include moving parts. Some examples include thermal, magnetic, and
optical devices (2).
MEMS have since moved from the developmental research stage to the marketplace, with many devices now available for commercialization. More devices can be fabricated at a decreased cost due to advancements in fabrication techniques. These devices include accelerometers for vehicles, such as the
ADXL312 accelerometer designed by Analog Devices (3). Other devices which
have become commercially viable include pressure sensors (4; 5) and temperature sensors (6). These devices demonstrate the versatility of MEMS and how
they can be used for a multitude of purposes.

1.2.1

Microcantilever Devices

We have mentioned earlier that one of the most important uses for MEMS is
sensing. Very fine measurements can be made with pinpoint precision due to
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the small scale nature of MEMS devices. One such device which makes use of
this fact is the microcantilever. One of the first microcantilever devices used
was for atomic force microscopy (AFM) (7). AFM is a type of scanning probe
microscopy which is able to measure samples with very high resolution. It
is capable of measuring the surface of a sample on the nanoscale by using a
microcantilever, called the probe. The microcantilever has a sharp tip on its
point, which is usually made of silicon. The cantilever is brought into close
proximity with the sample surface. This causes the cantilever to be deflected
by atomic forces acting between the tip and the sample. This kind of imaging
is called contact mode, which is one of the modes of operation for the AFM.
This deflection is measured by a laser shining onto the cantilever. The reflected
light is collected into an array of photodiodes which measures the amount of
deflection on the cantilever as seen in Figure 1.1 (8). This information then
provides us with the surface topography of the sample.

Figure 1.1: Basic configuration for an atomic force microscope.

There are two other modes of imaging for use by the AFM other than contact
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mode. One mode is called non-contact AFM imaging. The cantilever tip for
this mode of imaging does not interact with the surface of the sample. The
tip oscillates at some frequency several nanometres above the sample. This
oscillation is only slightly higher than its normal resonant frequency, resulting
in an amplitude of oscillation of less than 10 nm. The frequency is modified
by interactions which occur at the tip-surface boundary. This frequency shift
is used to create an image of the surface. Non-contact mode is useful when
measuring soft samples, or samples with an adsorbed layer of liquid which can’t
be measured by traditional contact mode imaging (9). Van der Waals forces
or any other attractive forces interact with the cantilever near the surface of
the sample to slightly decrease the resonant frequency of the cantilever. The
resonant frequency of the cantilever is governed by Hooke’s law, where the
natural frequency of the cantilever is shown in Equation 1.1:
1
f=
2π

r

k
m∗

(1.1)

where f is the frequency of the cantilever, k is the spring constant, and m∗ is
the effective mass of the cantilever or oscillator. A change in load on the cantilever occurs when the attractive atomic forces act upon the oscillator during
non-contact mode. This will cause the resonant frequency of the device to
shift, which is then detected by the laser and photodiode setup. The approximate distance between the cantilever tip and the sample can be calculated
giving a map of the topography of the surface.
The third imaging mode for the AFM is called tapping mode. The cantilever is
driven to oscillate at its resonant frequency usually by a piezoelectric element,
much like non-contact mode. The amplitude of oscillation in this mode is usually greater than 100 nm, rather than the sub-10 nm amplitude for non-contact
mode. A variety of forces will act upon the cantilever when it approaches the
surface. Some of these forces include van der Waals or electrostatic forces.
This will cause the amplitude of oscillation to decline which will decrease the
resonant frequency of the cantilever (10). This method of imaging ensures
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that the cantilever tip will not become lodged on the sample, decreasing the
risk of damage to the tip. This method is preferable from non-contact mode
when imaging a sample which has a liquid meniscus layer. The tip will not
become stuck due to the lower amplitude oscillations and the layer will not be
disrupted and deformed (11).
The usefulness of the cantilever can also be applied elsewhere. The resonant
frequency of the cantilever will decrease whenever extra mass is added onto
the oscillator. This means that cantilevers or any other oscillating device can
be used for mass sensing purposes. These sensors are able to detect various
chemical or biological compounds with very small masses. It is possible to
attach or attract various materials to the surface of the oscillator by adding
surface treatments to the surface. This will allow the oscillator to measure
shifts in resonant frequency. Cantilevers can be made from several different
materials such as silicon (12) and silicon nitride (13). Arrays of cantilevers can
be fabricated with each array detecting different biological or chemical agents.
The applications of these types of oscillators are robust, such as explosives
detection (14) or for diagnosing diseases for lab-on-a-chip technologies (15).

1.3

Nanoelectromechanical Systems

Microcantilevers are able to interact with and detect masses of very small
materials on the molecular scale. However, if one were to decrease the dimensions of the oscillator, would it be possible to detect even smaller masses
such as viruses or individual atoms? Microcantilevers are perfectly capable
of detecting the masses of certain biological and chemical agents like bacteria
(16). Ilic et al. showed that microcantilevers are able to achieve femtogram
(10−15 g) sensitivity (17). This shows that microcantilevers are perfectly able
to detect any kind of bacterium since bacteria weigh up to hundreds of femtograms. Microcantilevers are not sensitive enough to detect smaller masses
such as viruses which have magnitudes smaller than a typical bacterium. A
typical virus has a mass of a few hundred attograms (10−18 g). The detection
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of pathogens would be extremely beneficial to determine if a certain harmful
virus is within the environment.
Nanoelectromechanical systems, or NEMS, are capable of a much greater degree of sensitivity than MEMS. NEMS are an offshoot of MEMS, with the
dimensions approaching several nanometers, instead of several micrometers.
This significant decrease in dimensions can allow for greater sensitivity to
masses, allowing for detection into the attogram and zeptogram (10−21 g)
regime. While NEMS is still in the developmental and research stage, it has
already been shown by Ekinci et al. that attogram sensitivity is possible by adsorbing gold atoms onto a nanomechanical resonator (18). Proteins have also
been detected within the femtogram range by Fischer et al. using nanomechanical resonators (19). Zeptogram resolution has also been achieved, down
to about 7 zg by Yang et al. (20). It will be possible to achieve single Dalton
sensitivity (1 Da = 1.6605 x 10−27 kg) with further advancements in sensing
technology. This has been theorized to be the ultimate limit to mass sensitivity
(21).
There are various possible materials which can be used to achieve the highest
possible mass sensitivity for nanomechanical oscillators. NEMS can be fabricated using thin films which can provide different fabrication opportunities.
This will also allow for more studies into the effects of different materials for
their use as mass sensors. Some of these materials include silicon nitride (22),
silicon carbide (23), as well as nanocrystalline diamond thin films (24). These
materials each have their own advantages and disadvantages for mass sensing.
One material which has been demonstrated to yield narrow beams and is able
to detect very small masses is silicon carbonitride (SiCN). This material has
many advantages over others used for nanomechanical resonators. One example of a material which has been used for MEMS repeatedly is silicon. Silicon
is a well-understood material and it has been studied indepth for strength
distributions for MEMS (25). There are some problems with using this material for nanoscale oscillating devices. Carr et al. have been able to fabricate
silicon resonators at widths of approximately 45 nm (26). The yield for these
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devices was very low at lengths exceeding more than a few micrometers (27).
Resonators which have been fabricated using silicon oxide are susceptible to
cracking due to moisture (28; 29; 30). It has been shown by Sekaric et al. that
a high yield of about 98% has been achieved for nanomechanical resonators
with widths approaching 50 nm using silicon nitride (31). Fischer et al. developed silicon carbonitride which allows for lower intrinsic stresses than other
materials (32). SiCN has also been shown to be easy to deposit using PECVD
(plasma enhanced chemical vapor deposition) (33). It was for this reason that
SiCN was chosen for the devices created in this thesis.

1.4

Need for Large Arrays

There must be fabrication facilities capable of producing dozens or hundreds of
NEMS devices easily and affordably for them to be readily commercialized. It
is much more time consuming and expensive to produce the devices needed due
to the small feature sizes necessary. The best way to produce NEMS currently
is by electron beam lithography, or EBL. This method of lithography involves
scanning a beam of electrons in a pattern controlled by a computer over a
substrate covered in photoresist. The exposed photoresist is then developed,
revealing the pattern on the substrate. EBL is capable of very small linewidths
depending upon the substrate and resist used. Craighead et al. produced
10 nm linewidths on a single layer of polymethylmethacrylate (PMMA) on a
GaAs substrate (34). Baek et al. recently used hydrogen silsesquioxane (HSQ)
photoresist to achieve sub-10 nm feature sizes (35). These feature sizes make
it ideal for using EBL to produce nanomechanical oscillators with thin widths
which can allow for higher mass sensitivities.
EBL is not ideal for mass production of nanoscale devices. The equipment
needed for EBL is very expensive, reaching into the millions of dollars for
commercial applications. Most of the systems today only allow one substrate
to be exposed by the system at a time. This makes the process very slow if
hundreds of substrates are needed. The time it takes for one substrate to be
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scanned is approximately three hours or more depending upon the complexity
of the pattern. There are some systems using multi-column EBL allowing
for a much higher throughput. Systems such as these are currently under
development by Multibeam Corporation (36). The cost of these systems will
be in the millions of dollars, with maintenance costs high as well.
Another option for production of NEMS is dip pen nanolithography, or DPN.
This method of lithography involves transporting a chemically reactive material such as alkanethiols or silanes from an AFM cantilever tip to a substrate
(37). The cantilever tip drags over the surface of the substrate, and the material transfers from the tip to the substrate via a water meniscus which forms
between the tip and the substrate. It is possible to write features as small as
10 nm which makes it ideal for producing nanomechanical resonators. There
have been some advances using DPN allowing for parallel patterning so that
multiple substrates can be patterned at the same time (38). This technique
can be very powerful to use for mass production. It can become quite expensive as well as time consuming because each pattern needs to be drawn out
instead of printing the pattern all at once.
One other lithography technique which can allow for the desired pattern to
be printed all at once is nanoimprint lithography, or NIL. This technique
involves pressing two substrates together; one substrate contains the desired
structures to be imprinted (mask), and the other substrate is coated with a
photoresist. The features from the mask substrate are copied onto the resistcoated substrate when the two substrates are pressed together under heat
and high pressure (39). A metal deposition process and subsequent resist
liftoff follows which will make the mask and imprint substrates identical to
one another. It is possible to imprint feature sizes down to approximately
10 nm, with the potential to go even lower (40). The primary advantage
that this method of fabrication has over the other methods is that it takes
a very short amount of time to perform each imprint. It is possible to do
an imprint in as little as ten minutes instead of several hours for EBL. This
means that it is very feasible to use NIL for mass production purposes. The
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costs for using NIL are substantially reduced to approximately several hundred
thousand dollars since the system does not need high-energy radiation sources
or optical components. This makes NIL economically feasible compared to
the multi-million dollar systems used for EBL. The only disadvantage of this
technology is that a separate fabrication process such as EBL is necessary to
produce the mask needed for imprinting. Only one mask is needed in order to
produce potentially hundreds of substrates identical to the mask.
NIL has already been put into use for creating NEMS like cantilever arrays
(41) and resonator devices (42) with widths as small as 80 nm. The ability for
NIL to imprint feature sizes as small as 10 nm (43) in a very short amount of
time compared with other fabrication techniques presents a great opportunity
to mass produce these sensing devices. NIL is currently being primarily used
for research purposes. It will be possible eventually to use this fabrication
technique for commercial applications.

1.5

Thesis Rationale

This project will explore the possibilities of using nanoimprint lithography
to produce large arrays of resonator devices made of silicon carbonitride to
determine if mass production capabilities are possible. We will explore the
various parameters used to ensure high imprint yields, such as resists used,
imprint temperatures and times, and the lift-off process of the resist. The
testing of the devices after imprinting will also be explored, showing how well
the devices worked and their mass sensitivities compared with those devices in
literature. A proof-of-concept sensor is also explored which involves multiple
experiments being performed upon individual arrays on a single 1 cm2 sample
instead of one experiment per sample.
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Nanoimprint Process Parameters

There are various kinds of resists such as PMMA and HSQ which can be used
in nanoimprint lithography. Various resists have been used for this project to
determine which resists will have the desired effects and give the best imprint
yields. The resists used ranged from SU 8, PMMA, and lift-off resist (LOR), as
well as combinations of PMMA/LOR in varying concentrations. It was found
that a bilayer resist of PMMA/LOR 3A gave the best imprint yields for specific
widths of resonators. Various other parameters were also experimented with
on the imprint process itself, such as the imprint temperature, pressure, and
time. Varying any of these parameters will affect the results of the imprints.
Better resolution on feature sizes is achieved by increasing the length of time
during imprinting and very little imprinting occurred when the temperature
was lowered during the imprint process.
It was found after imprinting that there was a small layer of resist remaining where the structures from the mask imprinted onto the substrate. This
resulted in further experimentation to find the best way to remove this layer
of resist without widening any of the feature sizes. A quick isotropic plasma
etch was found to work for structures with feature sizes as large as 300 nm.
It was found that resonator beams with widths smaller than 100 nm widened
significantly, up to 100 nm or more. Other etch possibilites were explored, like
wet etches for bilayer resists where the top layer was removed using a plasma
etch and the bottom layer was removed with a developer.

1.5.2

Resonance Measurements

The imprinted resonators were released using a potassium hydroxide (KOH)
etch. These released resonators were measured using an interferometry setup
to determine the resonance frequencies for the imprinted devices. The resonators were functionalized with biotin and measured again. The biotin is
used for binding of certain biomaterials such as streptavidin. Streptavidin was
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used for this project due to its high binding affinity to biotin. There was a
decrease in resonance frequency after the biotin was adsorbed onto the resonators. Streptavidin was then adsorbed to the biotin, and the devices were
measured again. It was found that there was a decrease in resonance frequency,
and from this change in frequency, it was possible to determine the mass sensitivity of the imprinted resonators. It was confirmed experimentally that the
change in frequency is due to the streptavidin binding to the resonator devices
instead of from non-specific adsorption.

CHAPTER 2
Nanoimprint Lithography

2.1

Introduction to Nanoimprint Lithography

Nanoimprint lithography, or NIL, is a relatively new fabrication process to
produce nanoscale devices. The first use of NIL started in 1995 by Stephen
Chou et al. (44). They successfully managed to imprint dots and lines with a
minimum feature size of 25 nm. There are now numerous groups that are using
NIL for their fabrication processes. The minimum feature sizes of imprints has
been reduced to below 10 nm (40; 45). These groups use different kinds of NIL
to fabricate their devices, with each process having their own benefits. The
two most common processes are thermal NIL and ultraviolet light (UV) NIL.
Thermal NIL uses heat and pressure to imprint the devices while UV NIL uses
a UV light to expose the resist on the substrate while under pressure. There
is another process called roller NIL which involves a rolling cylinder with the
imprint mask surrounding it to imprint the substrates which roll underneath
it. The process used for this thesis is thermal NIL.
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NIL Processes
Thermal NIL

Thermal nanoimprint lithography is the most common form of NIL. This process involves pressing the imprint mask into the resist-coated substrate at high
temperature and pressures at 200 psi or higher. A diagram which shows this
process is shown in Figure 2.1. The temperature must be higher than the
glass transition temperature (Tg ) of the photoresist. This is the temperature
at which the resist will begin to flow. The resist will flow around the structures
on the imprint mask when the photoresist is under pressure at temperatures
higher than Tg . Table 2.1 shows the approximate values of Tg for some common resists. The resist hardens as the temperature cools while a high pressure
is maintained until a temperature setpoint is reached. This setpoint is usually
between 40◦ C and 50◦ C (46). The two substrates are separated from one another after the pressure is released to reveal the newly imprinted structures.
The polymer resist which is primarily used for this thesis is PMMA due to its
low value of Tg of approximately 105◦ C. Variations of this temperature occur
depending upon the molecular weight of the resist (39). It is beneficial to
use polymers with a low viscosity to ensure that the resist will flow. Resists
with lower viscosity will also lower the glass transition temperature, making
it easier and faster to complete the imprint process (47).
There are many examples of thermal NIL which have worked for very small

Table 2.1: Glass transition temperatures for some common polymers.
Polymer
Polystyrene
PMMA 495/950
PMGI/LOR
SU 8

Tg (◦ C)
100
95 - 106
190
230
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Figure 2.1: Process used for thermal nanoimprint lithography. After
the imprint is completed, there is always a small layer of resist left
which needs to be etched away.

feature sizes. Gourgo and Chaix et al. used thermal NIL to produce 50 nm
feature sizes using a silicon stamp using various types of resists (48). MEMS
devices have also been fabricated using thermal NIL. GuoYong et al. have
produced suspended structures such as cantilevers and resonators with widths
as low as 200 nm (49). There are also biological applications for thermal
NIL, such as nerve guiding to control the growth of neurons along set paths.
Carlberg et al. used NIL to fabricate the channels needed for this process
using a silicon stamp and PMMA for the resist-coated substrate (50). The
reason why thermal NIL is primarily used is due to the wide range of polymer
resists available with low Tg . There are also a large variety of materials which
can be used for the mask. The only disadvantage with this process is that the
time it takes to imprint is a little longer than other nanoimprint processes like
UV NIL (50).

2.2.2

UV NIL

UV NIL is a process which is similar to that of thermal NIL, except an ultraviolet light source is applied to the stamp rather than heat while under
high pressures. The polymers chosen for imprinting can be the same ones
used for thermal NIL. The UV light will initiate cross-polymerization of the
photoresist once the mask comes into contact with the imprint substrate. The
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cross-polymerization allows the resist to retain its shape after separation. This
process is shown in Figure 2.2.

Figure 2.2: Process flow for UV nanoimprint lithography.

The major drawbacks with using UV NIL is that the imprint mask must be
transparent to UV light. This means that there are limited materials which
can be used to make the mask. The resist used for imprinting must also have
a low viscosity to ensure that the resist will flow around the structures on the
mask once exposed to UV light (50). There are some advantages of UV NIL
over thermal NIL which include high throughput and greater resolution. It is
possible to get higher accuracy in shape transfer from the mask to the substrate since there is no thermal cycle required for this process (51). The time
required to do each imprint is reduced which allows for a higher throughput
than thermal NIL.
There are a large variety of nanoscale structures which can be produced using UV NIL. Some examples of such devices include magnetic dots and light
emitting diodes (LEDs) (51). Gilles et al. has demonstrated that it is possible
to achieve sub 100 nm resolution using UV NIL (52). UV NIL is primarily
being used for research purposes with most publications being largely on the
development and future prospects of using UV NIL (53; 54).
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Roller NIL

Roller NIL is the last form of nanoimprint lithography we will discuss. This
process can involve bending the imprint mask into a cylindrical shape and
attaching it to a metal tube (55). Alternatively, the imprint mask can also
lie flat on the sample allowing the roller to press down on both substrates.
For either method involved, the roller rotates around a fixed axis while a
platform containing the sample slides underneath the roller. The temperature
of the roller is set higher than the Tg of the polymer while the temperature
of the platform is below Tg . This ensures that only the area in contact with
the sample is heated above Tg , rather than the entire sample simultaneously
being heated to Tg for conventional thermal NIL.
There are also designs which involve using a UV source to cure the resist
which makes the process more similar to UV NIL (56). The polymers used for
this technique must have a low viscosity to deform under high pressures while
remaining at room temperature. The UV will cross-link the resist ensuring that
the resist will remain in its position after imprinting. The main advantage for
this technique is that it is possible to have a very high throughput and still
be able to get feature sizes below 100 nm (55). This method of nanoimprint
lithography is primarily being used for research purposes.

2.3

Imprint Stamp Production

The imprint stamp is the most important consideration for nanoimprint lithography. There are three important factors to consider when producing the
stamp for imprinting. These factors include the materials which make the
stamp, the lithographic processes to produce the structures on the stamp, and
the anti-sticking layer to ensure that no photoresist will remain on the stamp
once it is removed from the sample.
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Materials for Stamp

The most commonly used material to produce the stamp is silicon. Silicon is
inexpensive, widely available and it can work well for almost any patterning
method. Silicon has a high conductivity which makes it the best material to use
when patterning with electron beam lithography. The dry etching processes
for silicon are also well known and developed. This makes processing very
simple for the imprint mask when using silicon. The only major disadvantage
is potential surface roughness when using deep silicon etching (50).
Another common material for use as an imprint mask is silicon dioxide (SiO2 ).
A layer of SiO2 is deposited upon pure silicon wafers to create the base of the
mask. Silicon dioxide has been observed to have nearly identical properties
to silicon (50). This makes patterning the mask very simple since the process
parameters will be similar to that used for silicon. SiO2 is a good candidate
for UV NIL since it is relatively easy to use for optical alignment and it is
transparent (57). Polymers can also be used for nanoimprint stamps. These
polymers are usually negative photoresists. EBL or ultraviolet lithography
is usually used for initial cross-polymerization. The polymer is fully crosspolymerized after a heat treatment and can then be developed. The resist
which was not exposed to the EBL or UV process will wash away to leave
the cross-linked polymer structures behind. One disadvantage of patterning
negative photoresists is that the resolution is much lower than that of positive
photoresists. This means that the minimum feature sizes one can get with
negative resists will be much higher. It was shown by Pfeiffer et al. that it
is possible to get patterns with feature sizes as small as 70 nm by using an
e-beam sensitive photoresist called mr L 6000 XP (58).
There are some other materials which can be used as nanoimprint masks.
Nickel has previously been used successfully for imprint stamps, however there
must be a different anti-sticking layer used than those used for silicon stamps
(59). This is due to the lack of an oxide layer which is normally present on
silicon substrates. Other options used for UV NIL include diamond-like carbon
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(DLC) films deposited onto SiO2 templates (60). These films also serve as an
anti-sticking layer, which can be more effective than traditional chemistries
used for silicon stamps. Stamps can also be made directly out of DLC which
can be a benefit for alignment and mass production purposes due to its high
hardness (61).

2.3.2

Lithography Processes for Stamp

The next step after selecting the material to use is to create the structures
needed for imprinting. The usual method of choice is electron beam lithography because of its high precision and its ability to produce complex patterns.
EBL involves using an electron beam directed onto a photo-sensitive resist
to create patterns. Some common resists used for EBL include PMMA and
HSQ. The electrons which interact with the resist break the bonds within the
polymer chain, enabling it to be removed using a developer. A metal is then
deposited after development to create the devices. It is possible to produce
structures with very small feature sizes as small as 20 nm or under (62; 35).
The size of the substrate when using EBL can vary from small chips of about 1
cm2 to wafers 6 inches in diameter or larger. The size of the sample being used
depends upon the system specifications. The only disadvantage with EBL is
that it can take a long time to produce the desired structures, particularly if
the pattern being exposed is complicated. Only one mask is needed to produce hundreds of imprints. The resulting imprints can also be used again for
a substitute mask if needed.
Another process which can be used to produce masks for nanoimprinting is
optical lithography, otherwise known as ultraviolet lithography (UVL). This
process involves shining a UV light through a patterned mask usually made
out of fused silica (SiO2 ) to expose resist on a substrate directly underneath
the mask. This method of UVL is called contact photolithography. The exposed resist becomes cross-linked and can be developed leaving the desired
pattern upon the substrate. This process is very fast with a typical expo-
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sure on the order of around 10 seconds or less. The patterned mask must
be made in a mask writer on a transparent substrate which can take several
hours to produce. The resulting feature sizes on the pattern are much larger
than those developed using EBL. The lowest resolution achievable using conventional UVL is less than 500 nm using i-line light from a mercury lamp,
which has a wavelength of 365 nm (63). Another form of UVL called extreme
ultraviolet lithography (EVL) can work using wavelengths of 13.4 nm (64).
It is possible to achieve feature sizes of approximately 32 nm or less using
this technique (65). UVL is a great way to create imprint stamps due to the
high throughput of the system. The only disadvantage it that the limits of
resolution prevent any small structures from appearing on the mask.
There are a number of other lithographic processes which can also be used to
create the stamp for NIL. Some of these processes include AFM lithography.
This is a process which involves applying a voltage between the cantilever
tip and the surface of the substrate, which can induce oxidation (50). The
resulting patterned silicon dioxide can then be used for stamping in NIL. This
process is very slow and only conductive substrates can be used, although
the resolution can go low as approximately 10 nm (50). Other lithographic
processes include nanosphere lithography for fabricating large-area stamps.
This process involves self-assembly using polysterene nanobeads followed by
reactive ion etching (RIE) to get the correct size for the beads to form the
structures (66). This process can only create nanopillar structures in various
formations. It has been shown by Kuo et al. that sub-50 nm structures can be
obtained using this technique (67). Molecular beam epitaxy (MBE) can also
be used in an unconventional method to create imprint masks with very small
feature sizes. Austin et al. used MBE to create masks with 6 nm half-pitch
lines for use in NIL by growing GaAs/Al0 .7Ga0.3As superlattices on a GaAs
substrate. A wet etch is used on parts of the superlattice to create periodic
gratings (68).
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Structure Layout

The patterned structures on the stamp must be laid out in a way to optimize
polymer flow during the imprint process. The separation between the structures will alter the way the resist flows around them. Structures that are too
close together will not allow enough room for the polymer to flow resulting
in a partial or failed imprint. There are several factors which can affect the
polymer flow during the imprint process. The most important factors include
the structure height, the density of the structures, and the anti-sticking layer
on the stamp.

2.4.1

Structure Height

The structure height on the mask will vary according to the applications
needed for the imprint. The height of the structures can be as low as several nanometers (68) and as high as several micrometers. The structure height
on the mask must be taken into consideration when compared with the height
of the polymer resist during the imprint process. The ratio of structure height
to polymer height will affect the polymer flow during imprinting. This can
affect the probability of a good imprint yield. There will be very few polymer flow related problems when the structure height is less than the height of
the polymer. This allows for a large amount of space between the substrates
so that the polymer will flow around the structures. There will be some issues related to polymer flow when the structure height is roughly equal to the
height of the resist. These defects take the form of capillary bridges between
the stamp and the imprint sample (69). This kind of defect can lead to resist
peeling away from the substrate and onto the stamp. Formations of resist may
also be left behind which can affect the imprint yield.
There are also some defects which can arise if the structure height is much
higher than the resist height. This is due to the limited amount of room for
the polymer to flow around the structures. It then is best if the structure
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height to be less than the resist height to ensure that there are no polymer
flow problems. The structure height used in this thesis was approximately
equal to the resist height. This did lead to some problems on the substrate
such as deformations or pillar formations due to polymer flow, although the
devices for the most part remained unaffected.

2.4.2

Structure Density

Another important factor when creating the stamp is the pattern density and
area of structures. It is more difficult to imprint large areas like contact pads
due to the amount of resist which must be displaced. Stamps with a high
density of structures must use a resist with a low enough viscosity to ensure
the polymer will flow around the structures evenly. The viscosity of the resist is
regulated by the temperature during imprint, the pressure being applied, and
by the molecular weight of the resist being used. Lowering the molecular weight
of the resist will lower the viscosity, so the resist must be carefully chosen
to ensure good polymer flow. The imprint time used for dense structures
is important to ensure homogenous flow around all the structures to get a
uniform pattern (70). Homogenous flow ensures that the residual resist layer
remaining after imprinting will be uniform everywhere making the removal of
this layer easier.

2.4.3

Anti-sticking Layer

There must be an anti-sticking layer deposited on top of the mask once fabrication is complete. This will ensure that none of the resist will peel off the imprint substrate and stick to the mask which can ruin the resulting imprint. The
mechanisms of the polymers sticking to the imprint mask are well-understood
(71). The polymer bonds are primarily due to physical adhesion and chemical
bonding between the stamp and the polymer. There are many different kinds
of anti-sticking layers which can be used. Examples include teflon-like layers
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like polytetrafluoroethylene (PTFE) (71) and silane materials (39). This layer
must be hydrophobic to repel any resist which may peel off the substrate, thus
ensuring the stamp will remain clean.
The most commonly used anti-sticking layers are self assembled monolayers
(SAMs). There are a number of well-developed processes which can be used for
silicon stamps. The SAM which is used for this thesis is tridecafluoro-(1,1,2,2)tetrahydrooctyl tricholorosilane (F13-TCS). This material is deposited via vapor phase deposition under a vacuum for approximately 30 minutes. Silanes
are very effective to use and there is minimal rip-off occurring after SAM deposition. Any resist which has been ripped off and deposited on the stamp
will be re-deposited on to the imprint substrate on a subsequent imprint. This
demonstrates a self-cleaning property of the thermal imprint process (72).

2.5

Process Parameters

The next important step of NIL after the imprint mask is fabricated is choosing the various process parameters to ensure a successful imprint. The most
important parameter to choose is the resist to use for the imprint substrate.
The resist must have a low viscosity to ensure that the polymer will flow well
around all the structures, so a low molecular weight is desired. Other process
parameters which will affect the imprint process are the imprint temperature,
imprint time and the pressure used during thermal imprint. The temperature
must be higher than the glass transition temperature of the resist to ensure a
low viscosity. The imprint time needs to be long enough to ensure that enough
resist is displaced to ensure a smooth imprint with good yield and minimal
defects. The pressure being applied will also affect the polymer flow. The
amount of pressure used is primarily determined by the viscosity of the resist
being used. All of these parameters will also affect how the other parameters
perform. Lowering the viscosity will mean the imprint time should be longer
to reduce defects and ensure the polymer will flow evenly around the structures. Table 2.2 shows the relationships between these parameters, and they
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will be discussed further on in this chapter.
Table 2.2: Relationships between various imprint parameters.
Viscosity
High

Low

2.5.1

Structure
Density
Low density and
area needed
High densities
and areas can be
imprinted

Temperature

Pressure

Temperatures
much
greater
than Tg
Temperatures
only
slightly
higher than Tg

High pressures
Lower
pressures
possible

Imprint
Time
Long
imprint
times
Lower imprint times

Polymer Resist

The polymer resist for the imprinting process is used to create the structures by
deformation caused by heat and pressure. There are some important properties
to consider when choosing the resist layer to be used, such as viscosity, film
uniformity, adhesion to the substrate, and etch resistance. The viscosity of the
resist must be low to ensure good polymer flow when the temperature is higher
than the glass transition temperature of the resist. Resists with low molecular
weight are therefore needed to ensure good flow. There are numerous types of
resists which can be used for the imprint process like PMMA and lift-off resist
(LOR). There are also certain resists which have been specifically designed for
use in nanoimprint lithography.
The most commonly used resist for NIL is PMMA (polymethylmethacrylate).
This resist has a low glass transition temperature of about 105◦ C. The Tg does
vary depending upon the molecular weight of the resist (73). This resist has
well developed process parameters and it is easy to use. The main disadvantage
with using PMMA is that it becomes more resistant to solvents after using
an oxygen plasma to etch the residual layer of resist away (74). PMMA is
therefore usually used in bilayer imprint processes. Other resists which are
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not affected by etching are deposited on the bottom layer to ensure that the
resist will be removed more readily.
Another resist which is frequently used in NIL is LOR resists. This resist is a
derivative of PMGI (polydimethylglutarimide), and it has a Tg of about 180◦ C.
Imprints using LOR-based resists are typically carried above 200◦ C. This resist
is usually used for bilayer imprints where PMMA is the top layer of resist
(75). Bilayer resists can be extremely useful for nanoimprint lithography as
this technique can reduce the need for using an oxygen plasma etch to remove
the residual layer (75). The bottom layer resist can be etched using solvents
that will not affect the top layer. There are many groups who have used
bilayer resists for their processes. Buyukserin et al. used a bilayer resist to
create polymeric nanorods for uses in biological applications like biomolecular
sensing and therapeutic drug delivery (76).
There are also specific resists which have been designed to work for nanoimprint lithography. One such example is the mr-I 8000/9000 series by Microresist Technology (77). These resists have good film uniformity and better
plasma etch resistance than other resists such as PMMA. They are also able to
achieve feature sizes of sub-50 nm depending upon the stamp resolution being
used. The mr-I 8000 polymers will also leave a lower residual layer thickness.
This means that the etch time to remove this layer will be drastically reduced.

2.5.2

Imprint Parameters

Other factors which influence the imprint yield and can help to reduce the
amount of defects are the parameters which are defined by the nanoimprinting system itself. These parameters include the temperature, duration of the
imprint, and the pressure applied. The imprint temperature depends upon
the type of resist being used since the imprint will not succeed below the glass
transition temperature of the resist. The temperature must be at least 70◦ C
above the accepted value of Tg for the resist being imprinted (78). Increasing the temperature will lower the viscosity of the resist. This will result in
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better polymer flow around the structures. Thermal expansion should also be
considered when choosing the imprint temperature, but only if the stamp and
substrate materials are different from one another (50).
The imprint time and pressure is also determined by the viscosity of the patterning media. Polymer resists with a low viscosity will require less time and
less pressure to get a good imprint. Longer imprint times may be required in
order to reduce the number of defects that may arise due to the polymer flow.
The imprint time should be higher if the structures are highly dense to ensure
even polymer flow around all the structures. The pressure being applied is
usually much higher than atmospheric pressures. Bender et al. has created
imprints with sub-atmospheric pressures at 0.8 bar using specially designed
resists (79). Typical pressures for imprinting are usually between 200 and 300
psi. Higher pressures are usually used for structures with high density or large
areas to ensure good, even polymer flow. It is important that the pressure
being applied is evenly distributed over the entire substrate or else a partial
imprint will occur (50).
There is always a thin residual layer of resist left behind after imprinting
which must be etched through to ensure that the patterns are transferred to
the substrate. This etch is usually done using an oxygen plasma. The etch
must be optimized for each resist to ensure that only the residual layer is
removed. Low pressures and high bias voltages must be used to ensure that
there are high quality definitions on the substrate (80). An isotropic or an
anisotropic etch can be used depending upon the applications for the devices.
An anisotropic etch would ideally be used for any devices with small feature
sizes. This will ensure that the widths of the structures will remain consistently
close to the widths of the structure on the mask. An isotropic etch is used for
this thesis, although the pressures being used are low enough to ensure that
any line-widening which occurs is kept to a minimum.
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Imprint Behaviour

There is a very strong likelihood that patterns will appear in the resist during
the imprint process. The patterns formed are a result of the flow of the resist
around the structures. The evolution of the polymer during the imprint process
is well-documented (81). These patterns can take the form of pillars, fractallike patterns, and viscous fingering (39). These patterns have been studied
before with possible explanations to their occurrence (46; 82; 83).
The formation of pillars is due to a charged mask being brought in close
proximity to the polymer film. There are charges present on both the mask
and the polymer which breaks the surface tension on the resist. This allows
for the formation of mounds between the stamp and the substrate that reach
towards the mask. These mounds are usually formed in surface irregularities
on the substrate which can act as nucleation sites. An example of these pillars
forming is found in Figure 2.3.

Figure 2.3: Pillar formation occurring due to nucleation sites on the
substrate. Due to polymer displacement from the structures, the pillars
did not form on top or near the imprinted resonators.

Viscous fingering can also occur on the stamp, which is due to trapped air
between the substrate and the stamp. The air rapidly expands when the
pressure is released after imprinting is finished but before the substrate is
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cooled. This can produce finger-like or fractal patterns on the substrate. These
patterns also occur if the initial pressure is applied too rapidly to the substrate
(82). There is minimal damage on the substrate due to this occurrence because
the air is trapped in a very small volume. An example of viscous fingering is
shown in Figure 2.4.

Figure 2.4: Viscous fingering on the substrate, which is caused by
rapidly expanding trapped air.

2.7

Summary

The process of nanoimprint lithography is elaborated upon within this chapter.
The strengths and weaknesses of thermal, UV, and roller NIL were summarized. Thermal NIL is the chosen form of NIL for this project due to the
simplicity of making the mask using silicon rather than a transparent mask
needed for UV NIL. The materials needed and the different forms of fabrication for the stamp are explained. We discussed why the structure height and
density is important relative to the polymer being used for the substrate. Some
of the resists which have been used with NIL were shown with their strengths
and weaknesses summarized. The importance of the imprint parameters were
summarized and the ideal imprint parameters were explained. The behaviour
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of the polymer flow during imprinting was described. We also summarized the
various defects which can arise during the imprint process.

CHAPTER 3
Nanomechanical Resonators

3.1

Introduction

Nanomechanical resonators are devices which can be used for many different
sensing applications. The devices consist of a beam with widths less than 1
µm connected by two anchoring pads. These devices are extremely sensitive to
shifts in mass and stress upon the beams, and they have been demonstrated to
detect masses in the attogram (ag) and zeptogram (zg) range. There are many
kinds of applications for mass sensing structures, such as explosives detection
(14), bacteria detection (84), as well as other chemical and biological sensing
(85). It is important to develop methods of mass fabrication of these sensing
structures. There are various applications for these devices such as in hospitals
and for national security purposes.

3.2

Mass Detection Capabilities

Nanomechanical resonators are capable of measuring very small masses. One
of the smallest sensitivities which has been obtained is approximately 0.13
zg/Hz1/2 by Zettl et al. (86). They were also to determine the mass of a
29
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gold atom (0.327 zg) using resonator devices. Yang et al. have also detected
small masses of 7 zg (10−21 g) (20). The smallest detectable mass with the
resonators we have developed has been approximately 6 ag (10−18 g). Guthy
et al. developed these devices with SiCN resonator devices measuring 16 nm
wide, 50 nm thick, and 10 µm long (27). SiCN is the chosen material for
resonators for this project due to this ability for detection of small masses. The
process flow which we have developed for the deposition of SiCN is shown in
Table 3.1. The SiCN layer is annealed after deposition at 500◦ C and 100 sccm
of N2 for 4 hours. This will cause the SiCN layer to undergo a tensile stress.
The anneal must be carefully controlled because stress plays an important
factor in determining the mass sensitivity of the resonators.
There are multiple methods of detection to ensure great accuracy when determining the mass sensitivity of these devices. The three most prominent sensing
methods include magnetomotive, piezoresistive, and interferometry methods.
An interferometry approach is used for this thesis.
Table 3.1: Process Steps for PECVD SiCN Deposition
Process
Step
Purge
Plasma
pre-clean
Deposition
(50 nm)
Post-purge

3.2.1

Pressure
(mT)

Power
(W)

Time
(s)

N2 flow
(sccm)

NH3 flow
(sccm)

DES flow
(sccm)

500
500

0
40

60
60

55
55

40
40

0
0

500

40

100

55

20

25

500

0

60

55

40

0

Magnetomotive Detection

Magnetomotive detection is one of the ways to measure the resonant frequency
of cantilever and resonator devices. This system involves a powerful permanent magnet which produces a magnetic field that runs perpendicular to the
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resonator beam (87). Figure 3.1 shows a general schematic diagram for a magnetomotive system. The motion of the devices is induced by introducing an
RF (radio frequency) current to the resonator at the fundamental resonant
frequency of the device. This current is generally produced using a series of
resistors (88). The RF current creates a Lorentz force when it interacts with
the magnetic field, which excites the vibration of the resonator. This mechanical displacement of the beam induces an electromotive force (EMF) which
is proportional to the displacement of the beam from its equilibrium position
(89). The EMF is measured on an analyzer via an impedance buffer. This
technique for mass detection can be used both in vacuum and at atmospheric
pressures (87). Magnetomotive detection has also been demonstrated at cryogenic temperatures and in water as has been demonstrated by Venstra et al.
(90).

Figure 3.1: Schematic diagram showing a magnetomotive detection
system.

3.2.2

Piezoresistive Detection

Another approach to measure the resonant frequencies of nanomechanical oscillators is piezoresistive transduction. Piezoresistivity is defined as the change
in resistance caused by an applied stress (85). One material which exhibits a
strong piezoresistive effect is doped silicon. Silicon is a widely used material
when fabricating resonator devices so a piezoresistive approach to transduction will work well. The change in the resistance of the doped region once
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it is deformed or stressed reflects the amount of deformation which occurred
(85). The resistivity of the oscillator is measured by placing the device within
a Wheatstone bridge (91).
There are several advantages to using a piezoresistive system. There is no
need for expensive equipment or for any laser alignment to the device. The
electronics necessary for read-out can also be integrated onto the same silicon
chip as the oscillating devices (91). The optical transduction methods can
suffer from some problems. One example are artifacts which are caused by
changing optical constants within the media surrounding the device. This can
cause the laser to move slightly around the substrate. Piezoresistive detection
systems do not encounter this problem since lasers are not necessary. Piezoresistive methods also have the option to vary the temperature on the device to
observe its effects on the resonating device. This is accomplished by changing
the current flowing through the resonator. This has been shown by Berger
et al. by analyzing the effects of various temperatures on a cantilever device
(92). This heating effect can also cause another bending signal to occur. Further analysis of the device will be needed to remove this signal. Piezoresistive
techniques also require design limitations upon the resonator or cantilever device. This means that thin and highly sensitive oscillators may not be used
for piezoresistive transduction (91).

3.2.3

Interferometry

Another common technique which is used for frequency detection is interferometry. This is an optical method of detection, rather an electrical method
like piezoresistive transduction. A laser is used to focus upon a single resonator and the surrounding substrate through a microscope objective lens and
a beamsplitter. The beam is reflected by the resonator and the substrate,
which returns through the objective lens and through the beamsplitter. The
beam is then collected by a photodiode and the resulting data is recorded by
a spectrum analyzer. Any deflection of the resonator beam will cause a small
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modulation of the light intensity which will be detected by the photodiode.
This modulation will be most pronounced when the resonator beam is excited
at its resonant frequency. This is shown as a sharp peak upon the readout on
the spectrum analyzer. The analyzer can also provide a drive signal to excite
the resonator to resonance.
There are a few methods which can be used to excite the oscillator to its resonance frequency. One such method is using a piezo-element used by Sekaric
et al. (31). A sample is attached to a piezoelectric element and an AC voltage
is applied to it. This allows the structure to oscillate at its resonant frequency. Another method to drive the resonator is electrothermal actuation.
This method involves depositing an electrical conductor onto the surface of the
resonator to be actuated and applying a voltage to heat the structure. This
will mechanically strain the resonator causing resonance (93). A material must
be chosen which can stand high temperatures and will not break or fracture
under strain for this technique to work properly. Silicon carbide (SiC) is a
good candidate as it will not fracture under high temperatures (93). Other
methods for actuation include electromagnetic (94), capacitive (95), and thermal actuation using a MESFET (metal semiconductor field effect transistor)
heater (96).

3.3

Mass Sensing

One of the primary advantages of NEMS devices such as cantilevers and resonators is their use for mass sensing. These devices are extremely sensitive
and are able to detect bacteria, proteins, and pathogens (97). The material
which is being detected is bound to the resonator surface through one of two
ways. The first method is through Van-der-Waals interactions. The second
method which is more common is through binding with crosslinkers adsorbed
onto the surface. Examples of crosslinkers include antibodies and biomarkers
which can only bind to certain molecules or bacteria (98). It is possible to
measure the shift in resonant frequency when an additional mass is adsorbed
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onto the surface of the resonator beam by using one of the detection methods
described earlier. This frequency shift can then be used in conjunction with
the mass sensitivity of the oscillating beam to determine the adsorbed mass
on the beam.
There are two important attributes to consider when running mass detection
experiments. The first is the mass sensitivity of the structure. Mass sensitivity is described as the minimum mass which is detectable by the device. The
second is the quality (Q) factor of the device. The Q factor characterizes a
resonator’s bandwidth with its central resonant frequency. This factor measures the stability and strength of the resonant frequency. The Q factor is a
determining aspect for mass resolution upon the resonating beam making it a
contributing component in any mass calculations. The higher the Q factor, the
more stable the resonant frequency and thus the greater the mass sensitivity.

3.3.1

Mass Sensitivity

There are a number of factors which influence the mass sensitivity of a resonator. One of these factors is the mass of the resonator itself, which is determined by its length, width, thickness and the material used for fabrication.
Other important factors include the resonant frequency of the device and the
Q factor of the resonator. There are several different materials which can be
used for mass sensing purposes. Some examples of these materials include silicon, gallium nitride (99), carbon nanotubes (100), gold palladium (101), and
aluminum nitride (102). Each material will have an effect upon the overall
mass sensitivity of the device. An equation which is used to estimate the mass
sensitivity of a mechanical resonator is given by Ekinci et al. (21):
s
δm = 2Mef f

∆f −DR/20
10
Qωo

(3.1)

In this equation, δm is the mass sensitivity, Mef f is the effective mass of
the resonator, ∆f is the frequency bandwidth at the FWHM (full width at
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half maximum) of the resonance spectrum, Q is the quality factor, ωo is the
resonant frequency of the device, and DR is the dynamic range. The DR
value is determined by the ratio of the amplitude signal and the noise signal
as DR = 20log(Asignal /Anoise ). These amplitude signals are found through
the resonance spectra obtained after each measurement. Mef f is determined
by the density of the material used and the dimensions of the beam. The
true mass of the resonator must be converted to its effective mass because the
resonator behaves like a spring-mass model. The mass of the entire system
will oscillate through the same maximum amplitude. However, a large portion
of the resonator mass will not undergo the full range of oscillation. Therefore,
the effective mass of the system is calculated to be 0.735 times its true mass
(21). This means that the material used for the device greatly determines
the mass sensitivity of the resonator. Equation 3.1 also shows that the mass
sensitivity depends upon the Q factor of the resonator. Higher Q factors will
lead to much greater sensitivity.
The resonant frequency of the device also factors heavily into the mass sensitivity of the device. The frequency can be calculated based upon the dimensions
and material properties of the device. Equation 3.3 describes the resonant frequency for a rectangular cross-section undergoing a tensile stress vibrating in
the vertical direction (103). This equation is derived from the Euler-Bernoulli
differential formula shown in Equation 3.2, where E and I are the Young’s
modulus and moment of inertia respectively. The values of σ0 , W , and t correspond to the initial stress, width, and thickness of the beam. The variable
w is the vertical displacement of the beam at a certain position, x, and q is
some external load acting upon the beam.

EI

d2 w
d4 w
−
(σ
W
t)
=q
0
dx4
dx2
2

fi =

iπ
4

s

Et2
4σ
+ 2 2 2
4
3ρl
i π ρl

(3.2)

(3.3)

CHAPTER 3. NANOMECHANICAL RESONATORS

36

The variables l and t in Equation 3.3 are the length and thickness of the
resonator respectively, ρ is the density of the resonator, and σ is the tensile
stress of the resonator. The index i defines which mode of resonance the
resonator currently occupies. This variable must be solved for numerically
for each resonance mode. The mode index for the first mode is defined as
i = 4.73/π (104). The stress and the dimensions of the resonator greatly
affect the resonant frequency of the device. Equation 3.3 can be reduced for
low stress resonators to the following equation (27):
2

iπ
fi = √
4 3

s

E t
ρ l2

(3.4)

The resonant frequency depends heavily upon the length and thickness of the
resonator in the low stress limit. Equation 3.3 can be further reduced if the
resonator is under high stress to the following equatoin (27):
i
fi =
2

r

σ1
ρl

(3.5)

The resonant frequency depends only upon the length of the resonator when
under high stress.
The resonant frequency and mass sensitivity of the resonator will be changed
by decreasing the dimensions of the resonator and by using different materials
to change the mechanical properties of the device (85). It is important for
the resonant device to have a low density to ensure that any molecule which
adsorbs onto the device will be much more significant than compared with the
mass of the oscillating device. Silicon carbonitride is a good material to use
for resonator devices due to its high stiffness and low density. The density
generally varies between 2000 kg/m3 and 2600 kg/m3 depending upon the
deposition and annealing conditions (105).
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Quality Factor

The quality factor, or Q factor, is a dimensionless quantity which can help to
determine where energy losses occur within a resonator. There is always some
loss of energy through thermal losses, losses through liquids, and through the
atmosphere itself whenever an oscillating device achieves resonance. There
are also some losses through the device itself, such as through the clamps on
the resonator, dislocations, grains on the substrate or device, and other phenomenon like scattering from phonon-electron interactions and thermoelastic
damping (106). It is possible to reduce the effect of some of these losses by
using a vacuum to remove the effect of the atmosphere on the device. Lowering
the temperature will also help to ensure there are no thermal losses. Changing
the mechanical properties of the substrate by using different materials can also
have an affect on the losses exhibited. One unique way to reduce dissipation
to get a higher Q factor is to create an abacus-style resonator by depositing
metal along the beam. Jensen et al. showed that this will shorten its effective
length and will cause the resonant frequency to increase (107). This method
allows for very high frequency resonators and high Q factors by utilizing this
resonator design.
The Q factor can be used to determine the amount of lossiness which occurs.
Increasing the value of the Q factor will decrease the amount of losses occurring. This will also ensure that the resonant frequency will be more accurate
(108). A general equation which can describe the Q factor is as follows:

Q = 2π

W
Wo

(3.6)

The variable W in Equation 3.6 is the amount of energy stored within the
resonating device, and Wo is the amount of energy which is lost per cycle of
oscillation. This equation can also be defined as a fraction of the resonant
frequency over the bandwidth of the resonant spectra at the half power mark.
The Q factor can thus be calculated by looking at the resonance spectrum
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of the desired structure. An example of a resonance spectrum obtained from
resonators which we have developed is shown in Figure 3.2.

Figure 3.2: Resonance spectrum for a 50 nm thick, 14 µm long and
300 nm wide resonator. The Q factor is obtained by the peak resonant
frequency divided by the bandwidth of the overall spectrum.

It is also possible to quantify some of these loss sources which can occur during measurements through theoretical calculations. Examples include thermal
losses (24), losses through the volume of the resonator (109), clamping losses
for thin resonator supports (110), and surface losses on the resonator (109).
It is possible to calculate the total inverse Q factor (1/Q) for the device by
taking the inverse sum of all forms of the Q factor. Some of these calculated
Q values may not apply for all devices depending upon device dimensions or
if there are gasses or liquids surrounding the resonator. One source of energy
loss which can occur for these resonators is thermoelastic damping (TED).
TED is caused by thermal losses from the stretching and compression of the
resonator during oscillation. There are other sources of loss which can occur
through these devices, such as through the piezoresistive chip which actuates
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the resonators. Equation 3.7 shows the parameters which govern QT ED losses:

QT ED =

cv
6
6 sinh + sin −1
( 2− 3
)
2
Eα T 
 cosh + cos
r
ωρc
=t
2κ

(3.7)

(3.8)

The variable cv in Equation 3.7 corresponds to the specific heat per volume, E
is the Young’s modulus, α is the linear coefficient of thermal expansion, and T
is the temperature. The variable t in Equation 3.8 is the thickness of the resonator, ω is the angular resonant frequency, ρ is the density of the material of
the resonator, c is the specific heat capacity, and κ is the thermal conductivity.
The theoretical values for these parameters will be approximate to their real
values. This means that the theoretical Q factor will be a magnitude higher
than the values calculated from the resonance spectra. The Q factor limited
by TED is heavily dependent upon the thickness of the resonator and on the
properties of the material being used. Thinner resonator devices and materials
with low densities will lead to higher Q factors. These equations show that
the material must be chosen very carefully to ensure the highest possible Q
factor attainable.

3.4

Review of NEMS - Biosensing

There have been numerous works done on the sensing capabilities of NEMS
devices for chemical and biological purposes. These sensors can also be used
to detect physical phenomenon like sound waves and acoustic vibrations (111).
Pressure sensors and temperature sensors are also possible to use for resonator
devices (112). The pressure on a cantilever or resonator in a gaseous environment can be detected by the movement of gas particles along the resonating
beam as it is vibrating. The number of gas particles will increase when the
pressure rises which will result in added mass to the resonating beam. This
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will lead to a decreased resonant frequency and Q factor (112). Temperature
sensors are also possible by utilizing the thermal expansion which occurs when
the resonator material heats up and causes strain in the device. The change in
strain will alter the resonant frequency of the device. The change in temperature can then be deduced by an analyzer. Materials which are highly sensitive
to small changes in the resonant frequency are required. Examples of such
materials include silicon nitride (112) and silicon nanowires (113).

3.4.1

Chemical and Biological Sensing

There are a diverse range of chemical and biological materials which have been
detected using nanoelectromechanical resonators. It is now possible to detect
a wide range of gaseous materials. Some examples include mercury vapor
(114) and liquids for humidity sensing (111; 115). There are many potential
benefits for detecting chemical and biological compounds. These benefits can
involve disease diagnosis and gathering information about what is in a particular environment. Various chemical sensors capable of detecting numerous
compounds have also been developed. Examples include hydrogen absorption
on palladium/silicon cantilevers (116), chemisorption of mercaptoundecanoic
acid (117), and ethanol compounds using gold-coated cantilevers (118). The
detection of metal ions like calcium (119) and mercury (120) has also been
achieved. Explosives detection is also possible with compounds like pentaerythritol tetranitrate. This compound is detected on silicon cantilevers by using
a monolayer of mercaptobenzoic acid to bind to the explosives (121).
Ramos et al. have shown that it is now possible to detect strands of DNA
on a resonator beam using 100 nm thick silicon nitride beams (122). Gold
was deposited on the ends of the beams which were functionalized by thiol
chemistries to attract the DNA molecules. Ilic et al. have also shown to
detect the mass of a single DNA molecule on a resonator with minimal nonspecifically bound material from the solution (123).
Other important breakthroughs involve the detection of cancer cells. One
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example includes a protein biomarker associated with prostate cancer known
as prostate specific antigen (PSA) which has been detected by several groups
(124). Waggoner et al. have been able to detect small concentrations of PSA
as low as 50 fg/ml (1 fg=10−15 g) (125). This breakthrough will allow detection
of any cancer biomarkers on a lab-on-a-chip systems. Bacterial detection can
also be accomplished easily using nanomechanical resonators and cantilevers.
Zhang et al. used Escherichia coli (E. coli) antibodies to detect E. coli bacteria
using silicon cantilevers (16). Ilic et al. has detected E. coli bacteria with
sensitivity down to a single cell using low-stress silicon nitride cantilevers (126;
17). Weeks et al. used silicon nitride cantilevers to detect Salmonella enterica
strains of bacteria (13). They showed that only 25 adsorptions of bacteria onto
the resonating beam is enough for the change in mass to be detected. Ilic et al.
have also shown that it is also possible to detect viruses due to the increased
sensitivity provided by nanomechanical resonators and cantilevers (97). They
recently were able to create resonators with attogram resolution capabilities
allowing for detection of certain pathogens (127). Gupta et al. were able to
detect the mass of a single vaccinia virus which is the basis of the smallpox
vaccine. They used silicon cantilever beams and they were able to detect the
virus with an average mass of 9.5 fg (128).

3.5

Summary

Nanomechanical resonators were described in this chapter along with their potential applications. The forms of mass detection were summarized and their
strengths and weaknesses were highlighted. The principles of mass sensing was
described, and the calculations were shown to get theoretical values of resonant frequency and minimum detectable mass. These equations highlighted
the importance of the material being used and the dimensions of the resonator.
The importance of Q factor was summarized, and the many different factors
which can contribute to the quality of the resonator were explored. The potential applications of resonator mass sensing was discussed with many examples
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shown of current methodogies being used to detect masses of various chemical
and biological compounds.

CHAPTER 4
Nanomechanical Resonator Imprints

4.1

Introduction

This chapter is focussed on the successful imprints which have been completed
for nanomechanical resonators. We discuss the steps taken to create the masks
needed for these imprints and the rationale for the desired resonator beam
widths. The degradation over time of these masks are discussed as well. We
will show how the structures become damaged over time which can lead to
smaller imprint yields after repeated use. Various resists have been used for
experimentation to determine which resists work best for imprinting. The imprint yields after varying the concentrations of these resists are also discussed.
The resists used include PMMA, PMMA/LOR, and mr-I 8030 E which is
specifically designed for use in nanoimprint lithography. Nearly all of the imprints done for this project involved resonator beam widths of approximately
300 nm. This width was chosen because it provided a high signal-to-noise ratio
for resonance measurements. We successfully achieved a lower limit of 120 nm
wide, although device yield at these lower limits were degraded. This work
was completed at the University of Alberta Nanofab, as well as the cleanroom
facilities and electron microscope imaging systems at the National Institute
for Nanotechnology (NINT).
43
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Mask Fabrication for Imprinting

There are several different methods of fabrication to create the masks for
nanoimprint lithography. Some examples include electron beam lithography
and photolithography. All of the masks which we have developed were silicon
based and they were fabricated using EBL due to the need for small structures
at or below 300 nm. Several masks were developed over the course of this work.
One mask had varying resonator beam widths to see the minimum feature sizes
for imprinting and another mask had an optimized resonator width which was
used primarily for resonance measurements.
The process for creating the masks involves cleaning a silicon <100>wafer
with a piranha solution (3H2 SO4 : 1H2 O2 ) and then cleaving the wafer to an
area of approximately 1 cm2 . A bilayer of PMMA 495 and PMMA 950 is spun
onto the cleaved silicon chip. The silicon chip is placed into the EBL system
and the desired pattern is exposed onto the photoresist. The chip is developed
using MIBK:IPA (methyl isobutyl ketone : isopropyl alcohol) to remove the
exposed resist. A 30 nm layer of chrome is then deposited onto the silicon mask
using a metal evaporation system. Acetone is used to remove any remaining
resist on the substrate. A plasma etch is used to remove approximately 300
nm of silicon in an isotropic RIE system. This etch is to ensure that the
structures are at the correct height needed for imprinting. A hydrophobic
anti-sticking layer is required to be deposited upon the mask after etching to
ensure that no photoresist will rip off and stick to the mask during the imprint
process. The anti-sticking layer which we have chosen is F13-TCS. This silane
material is commonly used for nanoimprint lithography (129). This monolayer
is deposited via vapor deposition. A process flow showing the fabrication of
the mask is shown in Figure 4.1. A completed resonator on the silicon mask
is shown in Figure 4.2.
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Figure 4.1: Process flow for the fabrication of a silicon mask for NIL.
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Figure 4.2: A completed resonator pattern on the silicon mask, with a
width of approximately 220 nm.

4.2.1

Mask Degradation

Some of the devices on the mask became destroyed either through repeated
imprints, mechanical failure or other factors. The damage to the structures is
most likely caused by particles or resist beginning to stick to the mask after
imprints. This caused the imprint yield to decrease rather substantially to
about 60% total yield over a 6 month time frame. The mask was occasionally
cleaned to ensure that any resist was removed to lessen the effects of degradation. We have already stated that the mask is capable of self-cleaning itself by
re-applying any resist it has accumulated onto the substrate over subsequent
imprints. The resist does still occasionally stick to the mask most likely due
to the anti-sticking layer being slowly degraded over time. The mask for this
project has been cleaned every couple of months using a piranha solution. The
anti-sticking layer needs to be re-applied after each clean. The SEM (scanning
electron microscope) images shown in Figure 4.3 show what happens to the
silicon mask after about 6 months of use and several dozen imprints. The
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Figure 4.3: Structures on the imprint mask after over 6 months of use
and several dozen imprints. Some of the devices become damaged, as
shown on the image on the left, while others have resist sticking where
the beams meet the anchor pads, as shown on the right image.

mask which is being used here contains 300 nm wide resonator beams.

4.3

Resonator Imprint Process

The thermal imprinting process can begin after the mask is fabricated and
prepared. The process used is similar to that described in section 2.2.1. The
imprinting substrate is larger than the mask to ensure that the resist will have
enough room to flow around the structures during imprinting. This will also
allow easier access to remove the mask from the substrate after imprinting is
finished. The first step for the imprint process is to grow approximately 50 nm
of SiCN onto a silicon substrate using PECVD. The substrate is then annealed
for 4 hours to create tensile stresses within the SiCN material. The wafers are
then cleaved into pieces which are larger than the imprint mask. A resist is
then spun onto the cleaved SiCN pieces. Various resists have been used over
the course of this project to determine which resists or combinations of resists
will allow for the greatest imprint yield. These resists include PMMA, LOR
3A, mr-I 8030 E and SU 8. A bilayer resist consisting of PMMA/LOR 3A was
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predominantly used for this project.
There is always a small layer of residual resist left behind after imprinting
is completed. This layer can vary in thickness depending upon the height of
the resist before imprinting as well as the conditions used during imprinting
such as temperature and pressure. An oxygen plasma etch is used to remove
the residual resist in an isotropic RIE under low pressure (10 mT, 7 sccm
O2 , 60 W) for approximately 90 s. Lowering the pressure within the reactor
has previously been shown to improve the anisotropy of the etch process to
produce vertical sidewalls (130). The process used for this project is not
entirely anisotropic however, and there will be some line-widening which will
occur. The line-widening effect is not noticeable for resonators which are about
300 nm in width. This effect becomes much more pronounced with thinner
beams of widths less than 200 nm. These beams become wider by up to 100
nm or more.
A 30 nm layer of chrome is deposited upon the substrate after the plasma
etch to fill in the gaps left behind from the imprint to form the structures.
This deposition is performed in a metal evaporation system just like the metal
deposition step for the mask fabrication. This step is performed under high
vacuum to ensure a clean deposition with minimal defects. The remaining
resist is then developed using Remover PG solution. A silicon carbide plasma
etch is then performed to remove the silicon nitride. The silicon nitride is 50
nm thick meaning a 30 second etch is required using the silicon carbide etch
recipe (25 mT, 95 W, 12 sccm O2 , 48 sccm SF6 ). The remaining chrome on
the resonators is etched away for approximately 20 minutes. A 32% solution
of KOH is then used to etch the silicon underneath the structures to release
them. This etch requires 3 minutes for devices that are 300 nm in width to
ensure the devices are fully released. This etch time is reduced for smaller
structures or else the smaller devices will most likely be destroyed by the etch
process. The process flow for the fabrication of this device is shown in Figure
4.4 with a completed resonator device shown in Figure 4.5.
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Figure 4.4: Process flow for the imprint and subsequent release of the
resonator devices.
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Figure 4.5: A completed resonator device which has been fabricated
using nanoimprint lithography. This particular device has a width of
approximately 300 nm.

4.4

Experiments

Various factors for the imprint process needed to be experimented upon to detemine the best possible way to get good imprint yields. These factors include
the photoresists used for the substrate and the temperature and holding time
during the imprint process. The resists which were chosen have been known
to work well for imprinting, such as PMMA (131), PMMA/LOR 3A bilayer
(41), and SU 8 (132). Each resist that was used had a drastic effect upon the
imprint yield ranging between 10% and 100%. The graph shown in Figure 4.6
shows the imprint yields for the various resists used during the course of this
project.
Figure 4.6 shows that the greatest imprint yield is for the bilayer resist of
PMMA 495/LOR 3A with a total thickness of approximately 300 nm. This
resist was thus chosen for the majority of the experiments done for imprinting
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Figure 4.6: Relative imprint yield for different substrates using different
resists. Each bar represents separate imprints for each resist. The 300
nm thick PMMA 495/LOR 3A bilayer shows the greatest yield, with
the mr-I 8030 E resist showing great yields as well.

due to the very high yield shown. There was not a full 100% imprint yield after
the devices were released due to a few damaged structures found on the imprint
mask. The lower yields shown for both the 300 nm PMMA/LOR 3A bilayer
and mr-I 8030 E resists are because the mask used for these measurements
had taken some damage over repeated imprints, leading to lower than normal
yields.
The initial experiments were done using PMMA 495 as the only resist layer
for imprinting. PMMA 495 has a low molecular weight, so the resist should
flow easily once the glass transition temperature is reached. The experiments
were done at temperatures of around 180 ◦ C with a pressure of 200 psi (pound
per square inch). The images in Figure 4.7 show the resulting imprints after
these initial experiments.
Figure 4.7 shows that the resonator beams themselves survived the imprint
process. The anchor pads did not retain their original shape. This is most
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Figure 4.7: Resonator imprints using PMMA 495 as the resist layer.
The beam structures remained intact for the imprints, although the
anchor pads do not retain their shape.

likely due to the imprint hold time not being long enough. The hold time
was for about 30 seconds for these initial experiments. This hold time was
not long enough to ensure that the resist could flow around the structures.
The images shown in Figure 4.7 were taken after the chrome deposition step
because these structures were not released for the initial experiments. We also
discovered that after plasma etching away the residual layer of PMMA that the
resist became extremely resistant to its usual solvents. It took considerably
longer to remove the remaining PMMA after the chrome deposition step for
the fabrication process. An alternative resist needed to be found to decrease
the length of time needed for the fabrication process.
The resist which was used in its place was a bilayer resist containing PMMA
495 and LOR 3A. A similar process was used by Cui et al. for their fabrication
of large area nanoprism arrays (74). They used a combination of PMGI and
PMMA for their imprint resist. LOR is a derivative of PMGI, and this resist
was readily available in the Nanofab facility at the University of Alberta. A
bilayer resist containing PMMA 495/LOR 3A was thus proposed to try and
get higher imprint yields than that of PMMA 495 alone.
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Figure 4.8: Comparison images between PMMA 495 imprints on the
left, and imprints using PMMA 495/LOR 3A on the right. Both images
were taken after the chrome deposition step during fabrication.

4.4.1

Bilayer Resist Imprints

The initial experiments for using a bilayer resist using PMMA 495/LOR 3A
consisted of a diluted LOR 3A resist to get the bottom resist layer much
thinner than its undiluted counterpart. The dilution formula consisted of
adding approximately 4 mL of ethyl lactate to 15 mL of LOR 3A. This brought
the overall thickness of the resist down to about 200 nm. The PMMA 495
added an additional 90 to 100 nm to give a total resist thickness of about 300
nm. This height is close to the structure height of the mask being used for
experimentation. The results of the bilayer imprints are compared with the
single layer PMMA imprints in Figure 4.8. A fully released structure using
the bilayer resist scheme is shown in Figure 4.9.
The same imprint parameters were used for the bilayer resist scheme as for
the single layer PMMA 495 imprints. The only critical difference is that the
imprint hold time was increased from 30 seconds to 2 minutes. This increase
will allow for more time for the resist to flow around all the structures to create
a perfect imprint of the mask devices. Figure 4.8 shows that this increase in
imprint hold time allows for the anchor pads and the resonator beams themselves to have better uniformity. This resist scheme is used for the majority of
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Figure 4.9: This is a released resonator created using the 300 nm thick
bilayer resist of PMMA 495/LOR 3A. The resonators produced for this
sample have a width between 300 nm and 320 nm.

the resonance data gathered for the imprinted devices, which will be shown in
Chapter 5.
We have previously stated that it is ideal for the resist being used to be
less than the height of the structures to ensure the best possible imprint.
There have been some defects on the substrate even though the 300 nm thick
PMMA/LOR bilayer results with good yields. These defects usually surround
the structures or are located elsewhere on the chip. They very rarely affect
the structures. Occasionally some of these defects protrude into the resonator
beams. A thinner resist scheme using the same bilayer technique was proposed to counteract these defects. The LOR 3A layer was further diluted to
less than 100 nm. This will ensure that the total resist height will be less than
200 nm, compared with the 300 nm tall structures on the mask being used.
The comparison image shown in Figure 4.10 shows the resulting imprints after
the residual resist layer etch for a thick resist layer (∼300 nm) on the left, and
a thinner layer (∼220 nm) on the right.
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Figure 4.10: Microscope images comparing the imprints of a thicker
LOR 3A layer (left) with a thinner layer (right).

It is clear to see that the thicker LOR 3A layer is much smoother than compared with the thinner layer. The resonator beam for the thick layer is clearly
more visible and uniform while the beam for the thinner resist is barely visible
and in several pieces. The surface defects which were already present upon the
substrate were not filled in entirely when the thinner resist was deposited upon
the substrate. This would result in the uneven nature of the substrate seen in
Figure 4.10. This would cause the resulting imprint to be uneven itself. The
average imprint yield for the thinner resist bilayer of around 40%, compared
with near 100% yield for the thicker resist bilayer.
We have already discussed that the plasma etch process being used to remove
the residual layer after each imprint can cause line-widening effects. The 300
nm wide devices are usually widened by 20 to 30 nm. We proposed a second
wet etch to remove the bottom LOR 3A layer of resist to counteract this
widening. This would also result in a short plasma etch to only remove the
PMMA remaining after the imprint. The wet etch being used is a developer
called MF-319 which is used to remove LOR resists. This technique has been
shown to work before for bilayer imprint techniques by other groups. Luo
et al. used PMMA/LOR bilayers with this wet etch technique to produce
interdigitated cantilever arrays (41). The wet etch being used does not affect
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the top PMMA layer resulting in a near vertical etch to the SiCN layer. The
majority of the resonators produced for this project used both etch methods.
This process will allow for resonators which will be closer in width to those
devices on the imprint mask.
The other imprint resist which resulted in high imprint yields was mr-I 8030
E. This resist was developed by Microresist Technology and it is specifically
designed for nanoimprint lithography. It has good film uniformity, low glass
transition temperatures of around 115 ◦ C, and better resistance to plasma
etching compared with standard PMMA resists (133). The mr-I 8030 E resist
proved to be on par with resist yields shown by the PMMA 495/LOR 3A
bilayer resist scheme. One major advantage of this resist when compared with
the bilayer resist is that the etch time to remove the residual layer is reduced
by approximately 30 s. There is only one layer for this resist scheme so no
secondary wet etch is needed. One of the disadvantages is that the number
of defects surrounding the structures seems to have increased dramatically
compared with the bilayer resist imprints. This could be due to the resist
not having enough time to flow around the devices during imprinting. These
experiments were performed using the same 300 nm resonator width mask
as the bilayer PMMA/LOR 3A experiments. The imprint yield was reduced
significantly from 97% from the original experiments to 60%. This reduction
in yield is due to the fact that there has been degradation over the course of
dozens of imprints using the same mask. An example showing the imprints
using this resist scheme is shown in Figure 4.11.
Most of the devices survived the imprint process, although unlike the bilayer
resist scheme showed earlier, there are numerous defects surrounding the structures. These defects do not interfere with the structures themselves so resonance measurements can still be recorded for these devices. The most likely
explanation for the appearance of these defects is due to a short imprint time.
The imprint hold time for these devices was 2 minutes just like the bilayer
resist. It is possible that the resist will have had enough time to flow around
the structures if the imprint time was increased to 5 minutes or longer. This
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Figure 4.11: Resonator imprints using mr-I 8030 E as the resist layer.

will ensure that there will be minimal defects left behind.

4.5

Sub-300 nm Wide Imprint Experiments

Most of the experiments which were conducted for nanoimprint lithography
were using structures which had beam widths of approximately 300 nm. This
beam width was chosen because it provided an optimal signal-to-noise ratio
when taking measurements for mass sensing. We have previously produced
these resonators with this approximate beam width by EBL. It was ideal to
provide proof that NIL would work for resonators 300 nm in width. It is also
beneficial to create resonator devices with even smaller widths as this will
make the devices even more sensitive to masses adsorbed onto the structure.
A mask was used for these experiments which had varying resonator beam
widths ranging from 50 nm up to 500 nm wide. This will show which beams
will survive the imprint process using the various resist schemes. One of the
resonators being used for the mask is shown in Figure 4.12.
The initial resist scheme we used was the 300 nm thick PMMA 495/LOR
3A bilayer resist scheme. We found that the imprints were only partially
successful. Figure 4.13 shows that the smallest resonator we were able to
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Figure 4.12: This is a resonator used for the imprint mask to create
devices with beam widths of less than 300 nm. This particular structure
has a beam width of approximately 60 nm.

Figure 4.13: SEM images of the smallest resonator beam to be imprinted, with a width of approximately 120 nm. These images were
taken after the chrome deposition step during fabrication.

imprint successfully was approximately 120 nm wide.
The resonator shown in Figure 4.13 was not taken past the chrome deposition
stage during fabrication. It is clear to see from these images that it is possible
to achieve smaller resonator beam widths using nanoimprint lithography. The
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beams being shown here were supposed to be approximately 50 nm wide. This
width is the smallest fabricated beam on the mask. The beams were widened
considerably by a couple of magnitudes at some point during fabrication. We
have already stated that line widening effects were observed for the 300 nm
wide resonator devices during the plasma etch step. It is clear that this effect
caused the widening seen here. Other attempts to imprint thinner resonators
included using different resist thicknesses or different imprinting parameters.
Temperature increases or increased hold times resulted in the same effect with
very few of the imprints surviving. One way to achieve the thinner beams
would be to use an anisotropic plasma etch. We could also use the second
wet etch step discussed earlier to remove the LOR 3A bottom layer. We were
unable to perform either of these steps due to time constraints to try and
improve the imprint yield and resonator beam width.
The mr-I 8030 E resist was also used for the sub-300 nm wide imprint experiments in an effort to try and improve the yield and beam width. This resist
was specifically designed for NIL and it has already yielded good results for the
300 nm wide resonators. It is possible that this resist may be more effective to
create smaller resonator beams. The initial yields for these experiments were
between 90 and 100%. Figure 4.14 shows that the line widening effects still
occurred for these devices.
The smallest resonator fabricated by imprinting has an approximate width of
320 nm. This is much larger than the smallest resonator beam fabricated by
EBL for the mask. The width for the imprint should have been approximately
30 nm. The blurred portions of the resonator shown are most likely due to
charging effects from the SEM. The imprinted samples shown were imaged
only after the chrome was deposited. The width of these devices would most
likely decrease once the chrome is removed, but the overall change would
be minimal. The maximum difference in width after the chrome is removed
would be approximately 50 nm. A different etch recipe was used for these
devices in the isotropic RIE. This process involved a much lower pressure of
approximately 10 mT. The lower pressure helps to ensure that the etch is
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Figure 4.14: These images compare the mr-I 8030 E resist imprints
(top) with the corresponding mask devices (bottom). The imprinted
structures were imaged after the chrome deposition step.

closer to being anisotropic. It wasn’t enough to bring the resonator width
equal to the device width on the mask. The imprint yield for these samples
was 100% showing that the mr-I 8030 E resist does work for these imprints.
Further experiments need to be performed to ensure that the correct resonator
width will be imprinted. These experiments can include using an anisotropic
etch recipe or a system which has greater etch accuracy. Altering the imprint
parameters such as the hold time or the pressure may also affect the imprint
yield of the thinner resonators.
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Conclusions

The various experiments performed show that it is possible to use nanoimprint lithography to create nanomechanical resonator devices with widths as
thin as 120 nm. This process is much quicker to use than the standard fabrication techniques like EBL. These experiments show that it is possible to
use this technique for mass fabrication purposes. We have shown that various
photoresists can be used for the nanoimprint process with varying degrees of
success. The bilayer resist scheme of using PMMA 495/LOR 3A with an overall thickness of 300 nm has been proven to be the best resist to be used for
NIL. The ideal imprint parameters include a temperature of 180 ◦ C, pressure
of 200 psi, and an imprint hold time of 2 minutes. The specially designed
resist mr-I 8030 E was also very effective at imprinting resonators. This resist
used the same imprint parameters as for the bilayer resist scheme.
There was only partial success when imprinting resonators with smaller widths
below 100 nm. It will be possible to use the above resists if different etch recipes
or anisotropic plasma etches are used. We have shown that the imprint masks
can be used multiple times before requiring cleaning due to the self-cleaning
ability of the nanoimprint process. The PMMA 495/LOR 3A resist scheme
is used primarily to create the devices needed for resonance measurements
and mass sensing. The mr-I 8030 E resist is also used towards the end of the
project to determine if there were any significant differences between the two
resists being used.

CHAPTER 5
Resonance Measurements

5.1

Introduction

The primary use of nanomechanical resonator devices is for mass sensing due
to their increased sensitivity to any mass which lands upon the surface of the
device. This chapter will discuss the measurements made for the imprinted resonator devices using 50 nm and 70 nm thick devices. The Q factors for these
devices with no additional masses deposited upon them are calculated and
compared with the theoretical values. The resonance measurements for the
bare SiCN resonators were in close approximation with the predicted resonant
frequencies for resonators made by EBL. Biotin and streptavidin were used for
mass sensing to show that imprinted resonators can function just as well as
the devices made from EBL. A control experiment was run where one sample
was oversaturated with biotin and streptavidin and another sample was exposed to normal concentrations of streptavidin. This experiment showed that
any changes in resonant frequency was not due to non-specific binding. These
experiments help to show that nanoimprint lithography can be used to successfully create resonator devices which can be used for mass sensing purposes.
These imprinted resonators are able to perform their functions just as well as
those devices made by other fabrication methods.
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Surface Functionalization

Nanomechanical resonators are highly susceptible to a wide range of external
stimuli (134). Such stimuli include heat causing expansion or contraction in
structures or masses attaching onto the devices causing shifts in resonant frequency. These devices will not be useful if it is not possible to determine what
is causing the specific stimulus. The surface of the resonator devices must be
functionalized with a specific binding agent which can detect certain biological
species like proteins, bacteria or viruses. Two commonly used mass sensors are
quartz crystal microbalance (QCM) and surface plasmon resonance (SPR). A
QCM works by driving a thin slab of quartz crystal to its resonance frequency
and measuring the change in frequency when masses are adsorbed to its surface (135). The frequency of the quartz disc is determined by its dimensions,
elastic modulus, and its density. An SPR is an optical sensor which works by
illuminating a thin metal film usually made of gold. The reflected intensity is
then read by a photodetector. The intensity drops when masses are adsorbed
onto the surface of the metal film. The material upon the film can thus be
determined by this drop in light intensity (136). The surfaces on both of these
sensors must be functionalized in order to detect specific biological or chemical components. Some typical uses for functionalization include imprinted
nanoparticles (137), polymers like polysaccharides (138) and self-assembled
monolayers (SAMs) (139; 140). The specific functionalized surface only allows
one specific analyte to attach to the surface of the device. This ensures that
any change in resonant frequency or light intensity is due to that particular
analyte.
Nanomechanical resonators also need to be functionalized in order to detect
specific biological agents. It is not necessary for these sensors to be functionalized as some compounds may adsorb through physical interactions with the
resonator. Most applications require resonators to detect specific particles of
varying compositions and sizes like proteins, antibodies, viruses and bacteria
(141). The surfaces of the resonator beams must be coated with a layer of
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material which is capable of attracting the desired molecules. The resonator
must also reject any other materials to ensure that the mass being detected is
only from the specifically targeted compound. There have been numerous experiments performed on nanomechanical resonators and cantilevers which use
different methods of functionalization to immobilize certain molecules. Zhang
et al. used antibodies on microcantilever sensors to detect Escherichia coli cells
(16). Waggoner et al. also used antibodies for the detection of biomarkers related to prostrate cancer (125). Yoo et al. used bioluminescent bacteria which
were bound to the surface of the sensor to detect specific toxins (142). One key
factor which is needed for any detection system is an intermediate chemistry
which will attach the binding agent to the surface of the resonator or cantilever. The most commonly used chemistries are self-assembled monolayers,
otherwise known as SAMs.

5.2.1

Self-Assembled Monolayers

Self-assembled monolayers are defined as a molecular assembly which is formed
by an active surfactant that is adsorbed onto a surface (143). These materials
are well-documented and understood for the functionalization and formulation onto surfaces (144). The species spontaneously self-organizes itself into
a complete monolayer after being adsorbed onto the surface. SAMs are made
of three components consisting a head portion which adsorbs onto the surface
of the material, a long carbon chain which can vary in length depending upon
the species of SAM, and a tail portion, called the functional group, which can
bind to other species (145). Figure 5.1 shows a generic diagram showing the
structure of a SAM molecule.
There are two types of SAMs which are frequently used for biodetection and
immobilization: alkane-thiols and organo-silanes. Alkane-thiols have a S-H
group on the head portion of the group which enables strong bonds with many
metals, particularly gold (146). Gold is an inexpensive thin film which is easily
deposited upon substrates by vapor deposition or other means. It is for this
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Figure 5.1: A generic diagram of a SAM molecule. The head group
attaches itself to the substrate, while the functional group is attached
to the binding agent for biodetection.

reason that alkane-thiols (thiols) are often used for functionalizing resonator
and cantilever surfaces (147). The addition of gold onto resonator surfaces will
also affect the resonant frequency and the Q factor of the device. Adding gold
layers will decrease the Q factor and the mass sensitivity of the resonating
transducer (148). It is possible to deposit gold only on certain sections of the
cantilever or resonator where the adsorption of biological agents will affect the
resonant frequency the greatest (127). This fabrication process will allow for
thiols to work efficiently for NEMS devices. It will also further complicate an
extremely delicate process. It is for this reason that thiols are not the ideal
SAM to use for biodetection purposes.
Organosilanes are used for this project, which consist of a silicon-based head
group. The silicon needs to bind with a hydroxyl group to form siloxane bonds
in order to bind with the surface (143). The synthesis of these SAMs and the
customization of their tail heads to allow for the binding of specific analytes
is well known and developed (149). Organosilanes do not require metals like

CHAPTER 5. RESONANCE MEASUREMENTS

66

gold to bind to the surface like alkane-thiols. They only require the presence of
hydroxyl groups which can be provided in a solution. This means that the Q
factor of the resonator will not be adversely affected once the SAM is adsorbed
to the surface. The organosilane used in this project is aminopropyltriethoxy
silane (APTES). Glutaric acid is used to attach the hydroxyl groups to the
silane solution. The next step after adsorbing the SAM to the surface is to
attach the binding analyte. These analytes are responsible for attracting the
specific biological molecule needed for detection.

5.2.2

Binding Agents

We have previously mentioned that there are numerous types of binding agents
available. They each serve different functions depending upon the type of
molecule needed for detection purposes. The binding agent used for this
project is biotin which is specifically used to target streptavidin. Streptavidin is a protein purified from the bacterium Streptomyces avidinii (150).
Streptavidin has a high binding affinity towards biotin which means that no
other molecules will attach themselves to the biotin during incubation. The
biotin-streptavidin complex has been used many times before (19; 151) and
their chemistry is well understood (152). These compounds were therefore
chosen for the biosensing portion of this project. Figure 5.2 shows the binding
of streptavidin to biotin on a functionalized organosilane surface.

5.3

Experiment

There were several experiments performed upon the imprinted resonators created in Chapter 4. The resonators which we created were made out of SiCN
and they were all 300 nm wide, 14 µm long, and 50 nm thick. Other sets of
devices were created which were 70 nm thick with the same length and width.
The devices are placed in an interferometry setup under a high vacuum. Figure 5.3 shows the setup used for the duration of the project. An He-Ne laser
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Figure 5.2: A diagram showing the process, from left to right, of functionalization of APTES to the surface, binding biotin to the monolayer,
and the attachment of streptavidin to biotin.

is directed onto a beamsplitter, then through a microscope objective and onto
the resonator device. The laser beam then reflects off the resonator and the
substrate, goes back through the objective lens, and reflects off the beamsplitter where the beam is detected by a photodetector. The reflected laser beam
will modulate its frequency through interferometric effects once the resonator
is actuated at its resonant frequency. This modulation can be detected and
shown on a spectrum analyzer to determine the resonant frequency of the
device.
The initial experiments conducted involved resonators which were 40 nm thick,
300 nm wide and 14 µm long. The resonance measurements are calculated for
a select number of devices over the full sample size of 100 resonators. The Q
factor is also calculated for these beams and is compared with the theoretical
resonant frequency and Q factor. Resonators with a thickness of approximately
70 nm were also imprinted and measured. The frequencies and Q factors for
these devices are compared with the 40 nm thick devices.
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Figure 5.3: Schematic diagram of the interferometry setup for
resonance-assaying measurements.

The biotin-streptavidin complex was adsorbed onto the surface of these resonators after the initial measurements. The mass sensitivity and subsequent
drop in resonant frequencies were recorded. A negative control experiment
was performed where the streptavidin was oversaturated with biotin before
adsorbing onto the resonator. This experiment was performed to conclude
that no additional masses were adsorbed through non-specific binding.

5.4
5.4.1

Results
Resonance of 40 nm Thick Beams

The initial tests involved measuring the resonance frequency of bare SiCN
resonators 300 nm wide, 14 µm long and 40 nm thick. Figure 5.4 shows
the resonance frequency for several devices on one sample. This sample was
produced using the bilayer resist scheme of PMMA 495/LOR 3A as the imprint
resist.
The frequencies for these devices are fairly close together and range from 15.8
MHz to 16.3 MHz. The average frequency of for this set of devices is 16.1 MHz.
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Figure 5.4: The fundamental resonant frequencies for a number of resonators on two arrays are measured. These devices are 40 nm thick,
300 nm wide, and 14 µm long.

This range in frequency is normally caused by slight variations in length of the
beam either due to the imprint process or from differences in length on the
imprint mask itself. There is also a shift in frequency of approximately 200
kHz between the two arrays for this sample. This shift is most likely caused by
slightly varying stress levels throughout the sample or by small variations in
thickness. The arrays for all samples produced are approximately 1 mm apart
from each other. Any variations in stress or thickness will be very minimal at
these distances.
These resonant frequency values have been predicted for devices of these dimensions by Guthy et al. (27). Equation 3.3 shows that it is possible to find
the theoretical frequency for resonators using the predefined dimensions and
measured tensile stress values of approximately 500 MPa. Table 5.1 shows
the material properties of SiCN which contribute to the resonant frequency
of the resonators. The predicted theoretical frequency for these resonators is
approximately 25.67 MHz. This is a fairly close approximation to the actual

CHAPTER 5. RESONANCE MEASUREMENTS

70

values. The change in frequency between the actual and theoretical values is
most likely due to differing stress values or Young’s modulus values. It is also
possible that there were thermomechanical fluctuations which arised during
measurements when the laser measured the resonant frequencies. This could
have affected the stress of the device.
Table 5.1: Material Properties of Silicon Carbonitride
Parameter
Density
Young’s Modulus
Stress
Specific Heat per Volume (cv )
Linear Coefficient of Thermal Expansion (α)
Specific heat capacity (c)
Thermal conductivity (κ)

Value
2200 kg/m3 (27)
80 GPa (27)
500 MPa
710 J/m3 K (153)
2.3 x 10−6 K−1 (154)
0.4 J/kgK (155)
3.2 W/mK (153)

The Q factor of some of these devices was also obtained. We mentioned earlier
in Chapter 3 that the Q factor is calculated from the FWHM of the resonant
frequency peak obtained by the spectrum analyzer. This value was calculated
by fitting the resonance graph to a Lorentzian curve in a program called Origin.
This program was able to obtain a rough estimate of the Q factor. Only 5
out of the 14 resonators shown in Figure 5.4 were chosen to calculate the Q
factor. The resonant frequency graphs obtained for the remaining resonators
were too sharp to obtain an accurate reading. More accurate measurements
which would allow for a broader peak were required before the Q factor could
be calculated more accurately.
Figure 5.5 shows that the Q factors are fairly consistent between 6000 and
8000. One resonator reached a maximum Q factor of approximately 12,450.
The frequency and Q factor products (fQ) can be obtained from these values.
Q factor products are important for devices which are dominated by thermoelastic dissipation (TED). The resonator is close to its maximum allowable Q
factor when the fQ product is high (156). The fQ products for these resonators
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Figure 5.5: The Q factor is calculated for 5 resonators on one array of
a sample for the 40 nm thick resonators.

range from 9.64 x 1010 s−1 to 2 x 1011 s−1 . There would not be many significant changes over the entire array of resonators fabricated since they are all
the same width, thickness, and length. Structures which have much higher Q
factors of higher than 100,000 generally have very low resonant frequencies of
less than 100 kHz. The fQ products for these devices will be less than 1010
(157; 158).
The theoretical TED Q factor can be calculated for these 40 nm thick resonators using the material parameters in Table 5.1 and the resonant frequencies of the devices using Equation 3.7. The average theoretical TED Q factor
for these devices is approximately 1.3 x 106 . This value is assuming that the
devices are limited entirely by thermal losses. However, there are several different sources of losses which occur for these resonators. Some of these losses
can occur through the supports and through the piezoelectric chip used to actuate the devices. This chip would create a large amount of noise which would
limit the overall Q factor for these devices. The measured Q factors shown
earlier could quite possibly increase by several thousand without this source
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of noise. One potential way to remove this source of noise is by actuating
the resonator by a laser source. An optical source of actuation will remove
these sources of noise and improve the quality factor of the resonators. These
additional sources of losses are the primary reason of the discrepancy between
the real and theoretical quality factors.

5.4.2

Resonance of 70 nm Thick Beams

Another batch of SiCN resonators were made in a similar process to the 40
nm thick beams except the thickness was increased to approximately 70 nm.
The resonant frequency and Q factor of the bare resonators were measured.
These values were then compared with the 40 nm thick beams to observe if
there is any significant difference between the two sets of resonators. The
following graph in Figure 5.6 shows the resonant frequency for these 70 nm
thick resonators. The peaks shown were taken for nearly all the resonators on
one array.
The resonant frequencies for these resonators are clustered together much like
the frequencies for 50 nm thick resonators. The average frequency is now at
approximately 21.6 MHz. This is about 5 MHz higher than the frequencies for
the thinner devices. This is to be expected since increasing the thickness of
the beam would lead to slightly higher frequencies according to Equation 3.3,
but not the 5 MHz difference seen here. The most likely cause for this huge
difference is higher stress values in the SiCN film. An accurate theoretical
value of resonant frequency could not be taken because the stress values for
these devices were not measured after SiCN deposition. It has been shown by
Fischer et al. that samples of differing stresses of approximately 120 MPa and
the same dimensions will have differing resonant frequencies of 5 MHz or more
(159). The difference in resonant frequency for these imprinted resonators is
most likely due to varying levels of stress.
The Q factors for some of the devices shown in Figure 5.6 were calculated,
and the results are similar to those for resonators with thicknesses of 50 nm.
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Figure 5.6: The resonant frequency for 70 nm thick beams are measured
for an entire array of devices. These devices are 300 nm wide, and 14
µm long.

The Q factors for the 70 nm thick resonators are shown in Figure 5.7. Only a
handful of the resonators shown which were measured in Figure 5.6 had their
resulting Q factors calculated. The resulting Q factors are within a similar
range as the 40 nm thick resonator beams. Several of the 70 nm thick beams
have Q factors which are lower than the Q factors for the thinner beams. Some
of the peaks which were used for these measurements were quite sharp and
not as broad to get an accurate measurement. This could be a reason why
the Q factors for these beams are lower. The theoretical Q factor for these
devices can be calculated since the stress of the devices does not factor into
the equation. The average theoretical QT ED for the 70 nm thick resonators is
306,610 when using the average frequency of approximately 21.6 MHz. This
is much lower than the theoretical Q factor for the 50 nm thick devices which
has a value of 1.3 x 106 . The overall Q factor will be reduced slightly due to
the higher resonant frequencies which were measured. This will result in the
sensitivity of these devices being worse than the thinner beams. As mentioned
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earlier, the piezoelectric actuation method used for this project would also
present other sources of loss which will account for the discrepancies between
the real and theoretical values for the 300 nm wide, 14 µ long and 70 nm thick
resonators.

Figure 5.7: The Q factor is calculated for several resonators on one
array of a sample for the 70 nm thick resonators.

5.4.3

Streptavidin Mass Measurements

The biotin-streptavidin complex was adsorbed onto the surface of the beams after the initial resonance measurements. The samples were treated with bovine
serum albumin (BSA) to ensure that no other particles will attach themselves
to the beams. BSA acts as a blocker to ensure only streptavidin will bind to
the surface. The devices which were tested include the 300 nm wide, 40 nm
thick resonators as well as the 70 nm thick resonators. Thinner devices were
not tested for these experiments due to the lower imprint yields which were
observed. The 300 nm wide resonators have previously been proven to work.
The initial tests involved 40 nm thick resonator beams from a different sample
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than the ones measured in Figure 5.4. Figure 5.8 shows the bare SiCN resonant
frequency measurements which are compared with the resonant frequencies of
the beams after both the biotin and streptavidin are adsorbed.

Figure 5.8: Frequency comparisons showing the differences between the
bare SiCN resonators, functionalized surface, and streptavidin binding.

The average resonant frequency dropped from 16.4 MHz to approximately 15.3
MHz after streptavidin was attached to the resonators. All of the measured
beams showed a consistent decrease in frequency. It is possible to determine
the theoretical mass sensitivity of these resonators using Equation 3.1 from the
frequency shifts between the streptavidin and functionalized frequencies. This
is assuming all the noise is cancelled out from the frequency measurements.
The following first-order mass-sensitivity equation is used to determine the
masses adsorbed onto the resonators:
∆m
2Mef f
=
∆f
fo

(5.1)

The variable ∆m/∆f is the mass sensitivity, where ∆m is the change in mass
and ∆f is the change in frequency. Mef f is the effective mass of the resonator
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and fo is the fundamental resonant frequency of the device. Table 5.2 shows
the masses for the biotinylated surface and streptavidin for all the resonators
in Figure 5.8. The theoretical mass sensitivities calculated using Equation 3.1
are compared with the actual values. The DR values used for the theoretical
calculations had approximate values between 9 and 12.
Table 5.2: Mass Sensitivity for 40 nm Thick Resonators
Resonator

Biotin Mass

1
2
3
4
5
6
7
8
9

30.74
35.84
30.68
29.27
28.95
29.83
27.85
24.76
31.26

±
±
±
±
±
±
±
±
±

5.67
6.61
5.66
5.40
5.34
5.50
5.14
4.57
5.76

fg
fg
fg
fg
fg
fg
fg
fg
fg

Streptavidin
Theoretical
Mass
Sensitivity
1.00 ± 0.38 fg 8.37 ± 3.19 ag
3.68 ± 0.76 fg 4.71 ± 1.20 ag
3.34 ± 0.70 fg 7.26 ± 2.33 ag
2.02 ± 0.50 fg 4.03 ± 1.14 ag
4.66 ± 0.92 fg 14.34 ± 4.93 ag
3.65 ± 0.75 fg 6.46 ± 2.13 ag
3.93 ± 0.79 fg 6.42 ± 2.29 ag
3.96 ± 0.80 fg 15.45 ± 16.21 ag
3.33 ± 0.70 fg 5.82 ± 2.14 ag

These masses which have been detected can also be used to calculate the massper-area detected by the beams. The average mass of streptavidin detected for
these devices is 3.28 ± 1.05 fg. The mass-per-area for these resonators for the
streptavidin detected ranged from 0.24 mg/m2 to 1.11 mg/m2 . The average
mass-per-area is 0.78 ± 0.25 mg/m2 for the streptavidin on the resonators. It is
possible to calculate the average surface density of streptavidin the resonators
by using the estimated mass density of streptavidin which is 60,000 g/mol. The
surface density is found to be approximately 7.83 x 1015 m−2 . This translates
to a very sparse monolayer with approximately one streptavidin molecule per
128 nm2 .
A second set of resonators with the same dimensions is exposed to an oversaturated solution of biotin and the normal concentration of streptavidin. This
will ensure that the streptavidin will bind with the biotin before it is exposed
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to the substrate so that the streptavidin will not bind to the functionalized
resonators. The following graph in Figure 5.9 shows the resonant frequencies
of this sample for the bare, functionalized, and streptavidin-binding devices.

Figure 5.9: A graph showing the frequencies of the 40 nm thick resonators before and after adsorbing the streptavidin with blocked binding sites.

The devices shown in Figure 5.9 were measured a total of three times. The
first measurement was after a piranha cleaning. The second measurement was
after the initial functionalization and biotin adsorption. The last measurement
was after the streptavidin with blocked binding sites was introduced to the
resonators. The graph shows that the blocked streptavidin did not attach to
the biotin already present on the resonators. The frequencies observed after
the streptavidin was introduced are higher than the functionalized resonant
frequencies due to the removal of biotin on the surface after the introduction
of the streptavidin solution. The overall mass on the resonator will thus have
been reduced slightly, so the resonant frequency of the device will have risen.
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70 nm Thick Mass Measurements

The 70 nm thick resonators which were fabricated earlier were also used for
streptavidin mass measurements to compare with the 40 nm thick beams. This
will determine which of the devices are more sensitive to the introduction of
biomaterials on the resonators. Figure 5.10 shows the resonant frequencies
of these devices before and after the introduction of the biotin-streptavidin
complex.

Figure 5.10: A plot showing the frequencies of 70 nm thick resonator
devices before and after streptavidin adsorption.

The overall frequency for these devices dropped from an average of 21.65 MHz
to 20.56 MHz once the biotin-streptavidin was adsorbed. The overall frequency
shift is similar to that of the 40 nm thick devices which is approximately 1
MHz. The mass sensitivity for these devices is shown in Table 5.3. This table
shows the masses of biotin and streptavidin detected, as well as the theoretical
mass sensitivity. The third resonator which was measured is ignored since we
were unable to detect a signal after streptavidin was adsorbed.
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Table 5.3: Mass Sensitivity for 70 nm Thick Resonators
Resonator

Biotin Mass

1
2
4
5

29.31
27.18
28.37
23.86

±
±
±
±

3.21
2.99
3.11
2.66

fg
fg
fg
fg

Streptavidin
Mass
9.33 ± 1.32 fg
21.04 ± 2.38 fg
13.74 ± 1.70 fg
15.91 ± 1.89 fg

Theoretical
Sensitivity
22.80 ± 11.72 ag
85.53 ± 95.78 ag
—
—

There is a clear difference between the streptavidin masses detected for the
different thicknesses in resonators. Nearly triple the amount of streptavidin is
found on the 70 nm thick devices than on the 40 nm thick resonators. The
theoretical mass sensitivity is much higher as well. This is to be expected since
thicker resonators will be less sensitive to masses adsorbed onto the surface.
The average mass on these resonators is approximately 15.0 ± 4.22 fg and
the average mass-per-area is 3.57 ± 1.00 mg/m2 . The density of streptavidin
molecules on the surface is approximately 3.58 x 1016 m−2 . This corresponds
to one streptavidin molecule per 28 nm2 . This is approximately one monolayer
on the surface of the beams. Figure 5.11 shows that the theoretical sensitivites
calculated for the 70 nm thick devices may not be very accurate. This is due
to the sharp peaks obtained for the 70 nm thick resonators rather than the
broader peaks for the 50 nm thick devices. The 70 nm thick measurements
were performed first and only the resonant frequency was observed. The overall
bandwidth was not measured so an accurate measurement of the Q factor could
not be obtained. The Q factors for these devices were roughly estimated from
these graphs. It is for this reason that the theoretical sensitivity for the last
two resonators were not measured due to insufficient data to get an accurate
Q factor reading.
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Figure 5.11: Frequency spectra for the 70 nm thick (top) and 50 nm
thick (bottom) resonators.
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Multiple Experiments per Sample

A separate experiment was conducted where a small droplet of streptavidin
was deposited upon each of the arrays on the sample instead of submerging the
entire sample into a solution of streptavidin. This experiment was to conclude
whether multiple experiments could be perfomed on a single chip rather than
on multiple chips. This can save some time and materials when fabricating
samples. The devices used for this experiment were 300 nm wide, 14 µm
long, and 40 nm thick. The droplets which were chosen contained a normal
concentration of streptavidin and a saturated solution of biotin-streptavidin.
The resonance measurements for these solutions are predictable so it will be
easier to tell if the experiment was successful. The solutions were made in 25
µL drops, but only 2 - 4 µL of the created solution were used because of the
close proximity of the arrays to each other. The results of this experiment are
shown in Figure 5.12.
It is clear to see that there was extra mass being deposited upon the beams
for both the normal concentration and the saturated streptavidin arrays. The
frequency difference between the functionalized and the streptavidin measurements is 0.265 MHz for the normal concentration and 0.278 MHz for the saturated concentration. This means that there was streptavidin adsorption for
both arrays that were tested. The reason that this experiment did not work
correctly is possibly due to the fact that the droplets evaporated quickly in
about 10 - 20 minutes. The samples which were submerged in streptavidin
were left in the solution for an hour before being removed and washed. It is
possible that any material left behind attached itself to the resonator beams
once the droplets evaporated which could not be removed by washing. This
would explain the similar frequency difference for both samples. Another possibility is that the biotin used in the control experiment was not enough to
ensure that the streptavidin was bound to it. We already stated that only 2
- 4 µL’s were drawn from a 25 µL drop and deposited upon each array. The
arrays were about 1 mm apart from each other, so larger drops could not be
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Figure 5.12: Frequency plot showing the positive, normal concentration
exposure (top) and the controlled saturation exposure (bottom).

used. We could not create a streptavidin solution using only 2 - 4 µL because
it would require using approximately 0.02 µL of streptavidin which is very difficult to measure. It would be possible to use the larger drops if the distance
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between the arrays was increased to 1 cm or more. This would ensure that
the drops would not evaporate as quickly.

5.6

Conclusions

The adsorption of biotin-streptavidin was successfully completed on imprinted
resonators with 40 and 70 nm thicknesses. The average resonant frequencies for
both devices were measured before and after biotin was adsorbed in an APTES
solution. The average frequency for the 40 nm thick devices was measured to
be 16.4 MHz. The average frequency for the 70 nm thick resonators was
measured to be 21.6 MHz. These frequencies dropped to an average of 15.3
MHz and 20.56 MHz for the 40 nm and 70 nm thick beams respectively after
streptavidin was deposited.
The mass of streptavidin upon the 40 nm thick devices was calculated to be
approximately 3.28 ± 1.05 fg with an average mass-per-area of 0.78 ± 0.25
mg/m2 . This corresponds to approximately one streptavidin molecule per 128
nm2 . A negative control experiment was run which found that there was no
additional masses adsorbing onto the surface of the resonators meaning only
the streptavidin contributed to the attached masses. The mass of streptavidin
upon the 70 nm thick devices was calculated to be approximately 15.0 ± 4.22
fg with an average mass-per-area of 3.57 ± 1.00 mg/m2 . This corresponds to
one streptavidin molecule per 28 nm2 . These values serve as a good estimate
of the masses found on the 70 nm thick resonators even though the peaks
obtained for these beams were not ideal.
The experiment to deposit streptavidin upon the resonators via droplets rather
than submersion of the entire sample did not work as expected. This experiment did show that this technique will work with further improvements and
experimentation. Further experiments can include depositing the droplets in
a humid environment to ensure that the droplets will not evaporate as quickly.
Increasing the amount of biotin for the control may also work to ensure all of
the streptavidin will be blocked.

CHAPTER 6
Conclusions

6.1

Summary

Resonator devices have been successfully created over the course of this project
using nanoimprint lithography. These devices have been successfully tested for
mass sensing purposes down to femtogram detection. It has been proven to be
possible to create beams using NIL with widths down to 120 nm using a PMMA
495/LOR 3A bilayer resist technique. The ideal imprint parameters for these
devices included a temperature of 190 ◦ C, a pressure of 200 psi, and an imprint
hold time of 2 minutes. This resist allowed an imprint yield approaching 100%
and the imprinted beams could be utilized for mass sensing purposes. The
specially designed resist mr-I 8030 E was also used successfully using the same
imprint conditions to create resonator beams with a total yield approaching
100%.
Silicon carbonitride was used for the resonators which were fabricated with
thicknesses between 40 and 70 nm. This material has been used previously
within our group with great results and the same process was used to create
these devices. This process yielded a material with tensile stress values ranging from approximately 300 MPa to 500 MPa. A 32% potassium hydroxide
solution was used to release the resonators for resonance measurements. The
84
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resonance frequencies for the 300 nm wide imprinted resonators resulted in
average values of 16.4 MHz for the 40 nm thick devices and 21.6 MHz for
the 70 nm thick devices. The quality factors for the 40 nm thick devices were
measured to have an average of approximately 8,290, with the highest Q factor
being 12,500.
A biotin-streptavidin complex was used to determine if the imprinted resonators could successfully detect biological compounds on the surface. An
organosilane monolayer called APTES was deposited using wet chemistry to
attach biotin to the surface of the resonators. Biotin was used because it is
an effective linking molecule for streptavidin detection purposes. The overall
resonant frequency dropped from the bare SiCN and functionalized measurements after streptavidin was added for all devices tested. This shows that
streptavidin did successfully bind with the resonators. The average mass for
the 40 nm wide resonators tested was found to be 3.28 ± 1.05 fg, with a
mass-per-area of 0.78 ± 0.25 mg/m2 . The surface density for these devices
was calculated to be 7.83 x 1015 m−2 . This corresponds to approximately one
streptavidin molecule per 128 nm2 on the surface of the resonators. The average mass for the 70 nm wide resonators was found to be 15.0 ± 4.22 fg, with
a mass-per-area of 3.57 ± 1.00 mg/m2 . This corresponds to a surface density
of 3.57 x 1016 . This means there is one streptavidin molecule per 28 nm2
for these devices. It was also proven through a negative control experiment
which was oversaturated with biotin that there was no non-specific binding to
the biotin. Only the streptavidin protein was responsible for the decrease in
resonant frequency.
It has therefore been shown that nanoimprint lithography is a successful fabrication technique to produce resonating devices. The capabilities for mass
detection for imprinted nanomechanical resonators into the femtogram range
has been established.
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Recommended Work

There are several directions to go to improve upon the work completed in this
project. The smallest resonator imprinted was approximately 120 nm. It is
possible to imprint smaller features that are below 100 nm. Anisotropic etch
recipes should be used to get these smaller imprints instead of the isotropic
etches used for this project. Lower pressures should be used to minimize the
amount of isotropic etching occurring. It would be ideal to use a system that
is capable of purely anisotropic etches. The resists which were used for this
project such as mr-I 8030 E are suitable for creating devices which are less
than 100 nm in width.
Further improvements must also be made for the multiple experiment per
sample sensor mentioned in the previous chapter. This technique can work
if the sample is kept in a humid environment to prevent evaporation from
occurring. This will allow for the streptavidin to bind to the resonators more
naturally. It will also allow for the saturated control experiment to work
correctly. Adding more biotin to the saturated biotin-streptavidin solution
may also allow for non-specific binding to occur. Using samples which have
arrays that are spaced further apart would allow for larger drops to be used
which would improve the chances of success for this experiment. Further
experiments using this system can include using other proteins which can
bind to biotin such as neutravidin. This will prove that multiple biomaterials
can be sensed on different resonators on the same chip. Using this technique
would be very useful in research involving lab-on-a-chip technologies.
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