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ABSTRACT

Micro-electromechanical systems (MEMS) are electrically controlled micro-machines

which have been widely used in both industrial applications and scientific research.

This technology allows us to use macro-machines to build micro-machines (MEMS)

and then use micro-machines to fabricate even smaller structures, namely nano-

structures. In this thesis, the concept of Fab on a Chip will be discussed where we

construct a palette of MEMS-based micron scale tools including lithography tools,

novel atomic deposition sources, atomic mass sensors, thermometers, heaters, shutters

and interconnect technologies that allow us to precisely fabricate nanoscale structures

and conduct in-situ measurements using these micron scale devices. Such MEMS de-

vices form a novel microscopic nanofabrication system that can be integrated into a

single silicon chip. Due to the small dimension of MEMS, fabrication specifications

including heat generation, patterning resolution and film deposition precision out-

perform traditional fabrication in many ways. It will be shown that one gains many

advantages by doing nano-lithography and physical vapor deposition at the micron

scale. As an application, I will showcase the power of the technique by discussing
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how we use Fab on a Chip to conduct quench condensation of superconducting Pb

thin films where we are able to gently place atoms upon a surface, creating a uniform,

disordered amorphous film and precisely tune the superconducting properties. This

shows how the new set of techniques for nanofabrication will open up an unexplored

regime for the study of the physics of devices and structures with small numbers of

atoms.
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Chapter 1

Introduction and Motivation

1.1 MEMS and PolyMUMPs process

Micro-electromechanical systems (MEMS) are electrically controlled micro-machines

which have been widely used in both industrial applications and scientific research(Bishop

et al., 2012). As the name suggests, MEMS usually have mechanical components

which can interact with the physical world, so that they are commonly used as sen-

sors and actuators. This interaction usually involves the conversion of energy among

different forms. Generally, MEMS are operated in one or more actuation modes, in-

cluding electrostatic, piezoelectric, thermal, and magnetic actuation(Bell et al., 2005).

Their applications range from sensors including MEMS pressure sensors(Eaton and

Smith, 1997) and MEMS accelerometers(Tanaka, 2007) in automobiles and smart-

phones, to lab-on-a-chip devices in biological applications, and digital light projec-

tion systems in new display technologies(Bogue, 2007). Due to the miniature sizes,

MEMS exhibit very high sensitivity and resolution when acting as sensors, and very

high precision of control when acting as actuators. This makes MEMS powerful tools

for researching and investigating microscale and nanoscale systems, which are usu-

ally difficult to probe and operate using macroscopic devices. For example, MEMS

torsional resonator has been used to probe Casimir force which is too weak to be

sensed at macroscopic scale(Chan et al., 2001), and MEMS mass sensors have been

developed for mass detection down to the femtogram range(Villarroya et al., 2006),

1
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demonstrating how MEMS can help physicists to conduct research on microscopic

systems.

The manufacturing of MEMS devices takes advantages of typical semiconductor

fabrication techniques. The most important process of fabricating MEMS devices

is photolithography(Judy, 2001), which is illustrated in Figure 1·1. In this process,

typically, a polymer called photoresist that is sensitive to light exposure is used for

patterning the micro-structure. At the beginning, the photoresist is uniformly spun

onto the wafer to form a thin layer, as shown in Figure 1·1 a) and b). Then a

transparent mask with pre-defined opaque pattern covers the photoresist so that the

opaque pattern shelters the photoresist from being exposed to the light (Figure 1·1

c)). In Figure 1·1 d), the wafer with the mask is then exposed to ultraviolet light

which can alter the properties of the photoresist. Therefore, the chemical properties

of the photoresist that has been exposed to the ultraviolet light under the transparent

mask will be very different to the region underneath the opaque pattern (Figure 1·1

e)). Next, the wafer is immersed into a chemical solution called developer, which

can selectively dissolve the exposed region or the unexposed region, depending on

which photoresist-developer combination is used (Figure 1·1 f)). After this process, a

photoresist pattern is obtained and can be further used to pattern layers of other ma-

terial for actual interests. Desired material is deposited on the patterned photoresist

(Figure 1·1 g)). The material and the substrate will make direct contact along the

pattern, but are separated by the photoresist outside the pattern. A final photoresist

removal step will leave the material intact inside the pre-defined pattern and strip off

the photoresist as well as the material on top of it (Figure 1·1 h)). More complex and

multi-layer structures can be fabricated using the same idea but more step and repeat,

in which photoresist is usually used as the sacrificial layer. Using photolithography,

one can fabricate structures with a resolution down to tens of nanometers(Grigorescu
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and Hagen, 2009)(Sundaramurthy et al., 2006). For higher resolution, electron-beam

lithography is a common choice(Liu et al., 2002). Micro-fabrication techniques includ-

ing evaporation, sputtering, wet etching, reactive-ion etching and deep reactive-ion

etching (DRIE), etc(Judy, 2001), are commonly found in the manufacturing process

of MEMS.

Figure 1·1: Steps of the photolithography process. a) A wafer is
used as the substrate for fabrication. b) Photoresist is spun onto the
substrate to form a uniform thin layer. The thickness is controlled by
adjusting the spin speed of the spinner. c) A mask with desired pattern
is put on top of the photoresist. d) The wafer is exposed to UV light. e)
The region of photoresist which has been exposed to UV light will have
altered chemical properties. f) The mask is removed and the developer
dissolves the photoresist that has been exposed. g) Further material
deposition follows a same pattern as the developed photoresist. h) A
final photoresist removal procedure leaves the desired material in the
desired pattern.

Traditionally, design, manufacturing, characterization and application of MEMS
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devices are carried out sequentially in the same lab or facility, while the recent devel-

opment of MEMS industry has seen a trend of going fabless. This is a concept that the

manufacturing of MEMS devices is separated and outsourced to a specialized man-

ufacturer called a foundry. The fabless manufacturing has several advantages. First

of all, the manufacturing of MEMS usually involves many processes and equipment

which require extensive labor for operation and maintenance. A high end semicon-

ductor production line is very expensive that small companies and research labs can

hardly afford. Outsourcing the manufacturing to a foundry can solve this problem.

Secondly, the nature of MEMS fabrication indicates that volume production can ef-

fectively reduce the cost. Therefore fabricating multiple users’ designs altogether is

very economic. Last but not least, by outsourcing the manufacturing, researchers

can concentrate on design and characterization, but do not need to worry about the

production of the MEMS device itself. The foundry will concentrate on ensuring the

quality and reproducibility of the MEMS device and deliver very robust devices to

the customer. The disadvantage of having a foundry to manufacture MEMS is that

the specific process and technology to apply is not very flexible, especially for multi-

user MEMS process. But for researchers, this problem can be somehow overcome by

designing carefully and conducting additional post-processing.

PolyMUMPs by MEMSCAP is a widely used MEMS foundry service(Cowen et al.,

2011). MUMPs stands for Multi-User MEMS Processes. This service is a surface mi-

cromachining process consisting of three layers of polysilicon separated by two sacrifi-

cial layers of silicon oxide, on a n-type (100) silicon wafer. An additional metal layer is

also available as the final layer. Customers design the pattern of each layer in a layout

designing software for a 1 cm by 1 cm area and submit the design file to MEMSCAP

for manufacturing. Multiple 1 cm2 squares from different customers are put together

and manufactured on the same wafer, undergoing same processes. Each layer is pat-
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terned using photolithography and fabricated layer by layer to compose the complete

device. Multiple identical copies of wafers are manufactured together so that each

customer gets multiple identical copies of their devices, to accommodate the needs

for prototyping and testing. PolyMUMPs is a highly reliable process that specifica-

tions and physical properties of a same micro-structure design see very little variation

among different runs of the process, ensuring customers to characterize their devices

and improve their designs run by run without the interference of manufacturing qual-

ity fluctuation. This process allows for rapid cycle times (∼2 months), and because

multiple users share the same wafer, the process is very cost-effective.(Imboden et al.,

2014a) This means that it is feasible for researchers to submit multiple devices for

each consecutive run, to actively improve their devices and conduct new experiments

at a fast pace using trial-and-error methods.

The PolyMUMPs process starts with 150 mm n-type (100) silicon wafers which has

a heavily phosphorus doped surface. A 600 nm silicon nitride layer is deposited on the

wafer as an electrical isolation layer before the subsequent functional layers. The first

layer of polysilicon (POLY0) is then patterned and deposited with a thickness of 500

nm. This is a static layer because it is directly attached to the silicon nitride substrate.

One oxide sacrificial layer (OXIDE1, 2000 nm), one polysilicon layer (POLY1, 2000

nm), another oxide sacrificial layer (OXIDE2, 750 nm) and another polysilicon layer

(POLY2, 1500 nm) are then deposited subsequently. A final metal layer (METAL)

consisting of gold and a thin adhesion layer is then deposited for bonding, electrical

connection, thermal actuation, etc. Several abstract layers are used at the design

time, for defining the pattern of the additional layer modification steps on the actual

layers. For example, ANCHOR1 and ANCHOR2 are used to create openings on

OXIDE1 and OXIDE2 all the way down to POLY0 or the nitride layer, so that

POLY1 and POLY2 can come down and make direct contact to the substrate at the
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Figure 1·2: Excerpted from the PolyMUMPs design handbook(Cowen
et al., 2011), the diagram showing a cross-section view of a MEMS rotor
before and after the HF release illustrates layers of the PolyMUMPs
process. After the HF release, in b), the movable rotor structure is
fully suspended with small post to prevent stiction. This figure is not
drawn to scale.

desired location. DIMPLE is used to thin OXIDE1 750 nm so that the POLY1 or

POLY2 can have a small 750 nm deep dent within the DIMPLE area to act as a

standoff. P1 P2 VIA is used to etch away OXIDE2 so that POLY2 can make contact

to POLY1. With the help of these additional steps, many device designs are made

possible. After the manufacturing is done, a protective photoresist layer is spun onto

the device before shipping out to the customer, to protect it from scratch and other

possible damages. The customer conducts a final wet etch step using hydrofluoric

acid (HF) to dissolve the oxide sacrificial layer so that the device gets released and

the movable polysilicon layers are completely freed and suspended. A critical point

drying (CPD) process after HF release is usually necessary to reduce the stiction
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between surfaces. Such a surface micromachining process has a minimum feature size

of around 2 µm. More details of the PolyMUMPs process can be found in the design

handbook(Cowen et al., 2011). Figure 1·2 shows a diagram of a MEMS rotor before

and after the HF release step. The cross-section view gives an idea of how the entire

structure is organized using the layers and steps described above. The HF release

step removes oxide in the device to set free the suspended structures as shown in

Figure 1·2 b).

As the foundry process provides an affordable way for fast development of highly

reproducible devices, we chose to use this process to manufacture the MEMS device

for our research and experiments, on which this thesis focuses. Therefore we can con-

centrate on implementing the functionality of the device and conducting experiments

using the device, but not bothered by the subtle and complicated manufacturing pro-

cess. It will be shown throughout this thesis that we gain a lot of advantages by

having a foundry to perform the fabrication.

1.2 Fab on a Chip: a new approach for nanofabrication

MEMS being manufactured in a macroscopic fab inspires the idea of getting the

process further down to fabricate even smaller structures, namely nanostructures or

nano-electromechanical systems (NEMS), using MEMS. Typically, several essential

components form a conventional fab, including the material source, the deposition

target, the patterning tool and sensing techniques to monitor the progress of the de-

position. For example, a common way to fabricate metal micro-structures is to use

the thermal evaporator, in which metal is heated and evaporated from a coil by Joule

heating and condenses on the target wafer which stays cool. Photolithography is the

typical patterning tool in this case hence the wafer is covered with patterned photore-
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sist. The thermal evaporator has a crystal thickness monitor beside the wafer holder

to measure the thickness of the film being deposited, so that the rate and thickness

of the deposition is controlled. Such technologies can provide a high resolution and

precision for fabricating structures in the micron and sub-micron regime. However, as

the desired structure dimensions continue to shrink from the deep sub-micron regime

into the nanometer regime, standard techniques to manufacture the devices are be-

coming increasingly challenging(Grigorescu and Hagen, 2009)(Ito and Okazaki, 2000).

Another problem of traditional fabrication techniques is that they usually requires a

final lift-off step that removes the sacrificial photoresist layer to complete the desired

structure. This imposes difficulties for in-situ fabrication, which is required when

the experiments on the nanostructure has to be performed while the fabrication is in

progress or right after the fabrication is done. This is important for superconduct-

ing thin film experiments when the resistivity of the thin film needs to be measured

as the film thickness increases gradually at a low temperature(Ekinci and Valles,

1999). However there are ways including stencil lithography(Vazquez-Mena et al.,

2014)(Deshmukh et al., 1999) which uses a stencil mask as the patterning tool to get

rid of the final lift-off step so that the evaporated material passes through the mask

to deposit on the target in the designed pattern. Hence, a high precision, final step

fabrication system is of great interest for nanoscale systems research.

The principle and limitation of conventional fabs inspired a different approach,

Fab on a Chip, a technique of directly depositing structures with atomic flux using

small numbers of atoms under the control of several MEMS devices.(Imboden et al.,

2014a) The idea behind Fab on a Chip is to use a system of systems approach where

we take all of the elements of an evaporation system and ultimately integrate them

onto a single silicon chip. In other words, we use macro machines to build micro

machines and then use these micro machines to further manufacture nanostructures.
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Due to the small dimension of MEMS, fabrication specifications including patterning

resolution and film deposition precision outperform the traditional fab in many ways.

Integrating the fab into a chip also means fabrication, characterization and experiment

can be performed together in-situ, which is crucial for many condensed matter physics

experiments. To achieve that, the MEMS version of those essential fab components

have been developed. We’ve built patterning tools, novel atomic deposition sources,

atomic mass sensors, thermometers, heaters, shutters and interconnect technologies.

By assembling these micromachines together into a single chip or two, one can build

a Fab on a Chip that can fabricate nanostructures for a variety of applications with

unprecedented versatility, precision and convenience.

For the patterning tool, we developed a MEMS device for resist-free nanostructure

patterning. The idea was inspired by stencil lithography in which atoms pass through

openings in a shadow mask to form a pattern. In our design, a polysilicon plate with

through holes was positioned and controlled precisely on a 2D plane by MEMS linear

motors and suspension springs.(Imboden et al., 2013) This device called a MEMS

writer implements the principle of dynamic stencil lithography. The writer plate

acts as an ink-jet printing head — evaporated atoms pass through apertures on the

plate and deposit on the substrate to form patterned structures by having the writer

plate move in a pre-defined trace. The line width resolution of the nanostructure is

determined by the size of the aperture, which is drilled using Focused Ion Beam (FIB).

The MEMS linear motor covers a long working range of tens of micrometers, but still

offers a resolution of sub-nanometers, thanks to the voltage square dependency of

actuation. The writer provides a way to fabricate nanostructure precisely using just

one deposition step without the need of a lift-off step, enabling measurements and

experiments on the structure to be performed right in-situ.

A central component of any fabrication setup is the deposition control of the ma-
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terials to be used. In Fab on a Chip, we designed a MEMS based, multi-material

evaporation source array with each source element consisting of a polysilicon plate

suspended by two electrical constriction leads.(Han et al., 2015) When resistively

heating the plate, the pre-loaded material is thermally evaporated off of the plate.

By arranging many of these devices into an array, one has a multi-material, digitally

programmable evaporation source. Pulsing the source with precisely controlled peak

voltage and timing can emit atom fluxes with an unprecedented level of control in

terms of what, when and how many atoms get deposited. By varying their dimensions

and arrangement, the source array can provide controllable atom fluxes ranging over

ten orders of magnitude, on a target roughly 1 mm away from the surface. Such a

material source can provide precise control and flexibility when conducting nanofabri-

cation, either with or without the patterning using MEMS writer. We also show that

because of the miniature size of the source, the power consumption and heat genera-

tion of the source is greatly depressed so that it is fully compatible with cryostation

to conduct nanoscale quench condensation at cryogenic temperatures.

Other MEMS components of Fab on a Chip have been developed to better support

the fabrication process and accommodate experiment needs. A MEMS mass sensor

which is essentially a parallel plate oscillator with one suspended plate has been

implemented. When incident atoms deposit on the suspended plate, the mass change

of the plate can be measured by detecting the resonant frequency shift.(Imboden

et al., 2014a) Such a mass sensor has a resolution of sub-femtograms and can be used

as a high-precision thickness monitor when conducting nanofabrication. Because it

is manufactured using the same PolyMUMPs process as other components of Fab on

a Chip, it can be integrated right beside the writer to monitor the fabrication, or

used solely with the MEMS evaporation source when a writer is not needed. We have

also developed a MEMS shutter which is typically placed above the writer plate to
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selectively open and close the apertures used for patterning. Thermometers, heaters,

interconnect technologies and deposition target geometries for different applications

have been designed and tested to offer a great flexibility for a large range of fabrication

requirements.

This thesis will demonstrate all of the functioning elements needed to allow us to

create microscale factories for producing single or arrays of nanoscale devices. Parts

of the work and results discussed in this thesis have been published in (Imboden

et al., 2013), (Imboden et al., 2014b), (Imboden et al., 2014a) and (Han et al.,

2015). By having all fab components in a single silicon chip, one can conveniently

conduct final-step in-situ nanofabrication with high resolution. Due to the nature of

how the deposition is performed, each Fab on a Chip is disposable, requiring high

reproducibility and cost efficiency which are achieved by having the PolyMUMPs

foundry process manufacture the entire micro fab. Fab on a Chip provides an all-in-

one solution for nanofabrication without the requirement for users to have profound

experience with lithography. The nanostructure is designed with the aid of a computer

which controls the whole process and even the subsequent experiments automatically,

making the fabrication process easily accessible by general researchers. We believe

that such Fabs on a Chip may be a viable technique for both prototyping and large

scale nanomanufacturing.

1.3 Quench-condensation of superconducting thin films

Quench-condensed systems are of great interest for condensed matter physics research.

Materials being quench condensed usually exhibit different properties than conven-

tionally deposited materials. This is because that when the material particles reach

the deposition substrate, thermal energy plays an important role in the formation of



12

the film. Besides the substrate temperature, the material of the substrate can also

affect the morphology of the deposited film, thus the transport properties. For ex-

ample, lead quench condensed on a passivated substrate usually forms disconnected

islands with diameters of 10 nm − 20 nm (Ekinci and Valles, 1999) (Frydman and

Dynes, 2001). Electrons travel inside each metallic grain and tunnel among differ-

ent grains. For such a film, the measured resistance of the film is correlated to the

quantum tunneling effect which is greatly influenced by the average gap size among

grains. Therefore when more material is getting deposited, the average distance be-

tween nearby grains will decrease, resulting in a transition from insulating state to

superconducting state if the temperature stays below the critical temperature. It has

been shown (Frydman, 2003) that the use of a germanium (Ge) under-layer can cause

an increased uniformity of the film. However, without the use of a special under-layer,

quench-condensation of metal on common passivated substrates usually yields granu-

lar films (Ekinci and Valles, 1999), which is not desired for superconducting thin film

research.

The traditional deposition methods for such a quench-condensation involves the

use of liquid helium (He) bath to maintain the ultra-low temperature (Frydman et al.,

2002)(Strongin et al., 1970). A He dewar is usually used to hold the liquid He and the

deposition chamber is inserted into the dewar so that it can be cooled down to only

a few Kelvins. Thermal evaporation is conducted inside the chamber. Material is

evaporated from a heated metal coil and get quench condensed onto the cold target,

which usually has pre-deposited electrodes for resistivity measurement. Basically a

smaller version of the thermal evaporator is built inside the He dewar. However, such

a setup usually uses a macroscopic material source which has several disadvantages.

The first one is the heating issue. In order to evaporate metal, a very high tempera-

ture is often required. Such a high temperature obtained on the macroscopic source



13

means that a large amount of heat has to be generated inside a He dewar, requiring

a careful design for heat dissipation and precautions when operating the evaporator.

Otherwise an explosion may occur if too much heat is absorbed by the liquid helium

and the vaporization of helium causes over-pressure in the dewar. Besides the safety

concern, another disadvantage of using the traditional source is that the evapora-

tion flux cannot be precisely controlled and timed. I will show in this thesis that a

MEMS-based micro evaporation source is developed for quench condensing ultra-thin

superconducting film and it outperforms the traditional deposition methods in many

aspects.

Using the concept of Fab on a Chip, we built a MEMS-based micro evaporation

system that is compatible with a cryogenic environment to conduct quench conden-

sation, for superconducting thin film fabrication and in-situ measurement. Such a

system has both material sources and deposition target integrated together as a sin-

gle device. Its miniature size enables it to work inside a cryostation with little heat

generation. I will show in chapter 4 that the micro sources can emit precisely con-

trollable atomic flux which is detected by mass sensors discussed in chapter 3. Hence

the thickness of the superconducting thin film is precisely determined. The detail of

such a quench-condensation process, as well as the in-situ resistivity measurement

done on the thin film for in-depth investigation of its superconducting properties,

is presented in chapter 5. It is shown that due to the ultra-small amount of atoms

emitted from the micro source each time, the thermal power of the incident atomic

flux is significantly depressed so that the atom tends to stay still on the substrate.

Therefore even without a special under-layer, a very uniform superconducting thin

film is still obtained on the passivated substrate.



Chapter 2

Atomic Calligraphy: The Direct Writing

of Nanostructures

2.1 Overview: A MEMS-based patterning tool

Conventional lithography usually adopts a top-down approach for patterning struc-

tures.(Biswas et al., 2012) In a top-down approach, material is deposited all over

the substrate at the beginning and the patterned structure is obtained by etching

away the undesired region with the help of a sacrificial substance. This approach

has the difficulty when the number of atoms wanted in a device is reduced to the

level of single or few atoms, that accurately leaving those atoms in the right location

and removing the rest majority of atoms is becoming very challenging, especially for

lithography.(Grigorescu and Hagen, 2009)(Ito and Okazaki, 2000) Another disadvan-

tage of the top-down approach is that since etching is usually required before the final

structure is completed, in-situ growth of the structure is always not feasible. In-situ

addition and modification of nanostructures are often desired for research purposes

when the physics involving growth progress itself is of interest(Puretzky et al., 2005).

Bottom-up fabrication approaches have been developed to overcome these diffi-

culties, including Dip-Pen nanolithography which is based on using an atomic force

microscopy (AFM) probe to flow liquid inks onto a substrate(Piner et al., 1999),

and stencil lithography which allows patterned geometry to be imprinted through the

stencil opening(Vazquez-Mena et al., 2014)(Deshmukh et al., 1999). Both of them are

14
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resist-free and do not need etchants to remove unwanted material. However the sten-

cil method can not be used to pattern topologically complex structures such as rings

or closed circuits with holes in it, because the stencil does not allow isolated islands,

while the Dip-Pen method is limited by the types of compatible deposition materials

and operation environments. The workaround is to place apertures or stencils on an

AFM cantilever or another micropositioner and pattern by guiding the stencil like

an ink-jet printing head during the deposition.(Champagne et al., 2003)(Savu et al.,

2011) Hence a micro version of a 3D printer is built for resist-free construction of

nanoscale 3D structures. As one can see, such a setup is always complex and re-

quires supporting equipment such as an AFM, resulting in reduced feasibility and

compatibility.

MEMS devices have shown their great robustness and reliability in many appli-

cations.(Tanner, 2009) They can operate in a wide range of conditions and their

miniature size offers a high precision in control. MEMS based XY stages have been

developed and investigated to provide a way to precisely position an object on the 2D

plane(Sun et al., 2008)(Gorman et al., 2007), inspiring the idea of using this device

to implement dynamic stencil printing, which allows for full patterning control of the

amount and location of a desired material. Such a device called a MEMS writer is

based on the MEMS XY stage with a central plate as the writing plate which has

milled apertures on it, as shown in Figure 2·1.(Imboden et al., 2013) By putting the

device in the rain of evaporated atoms inside an evaporator, atoms pass through the

apertures and deposit on the cool substrate underneath the plate. Moving the writing

plate in a controlled trace while maintaining the atomic flux will then “draw” a nanos-

tructure on the canvas. The positioning of the writing plate is realized by having four

MEMS linear motors to pull it in each direction. The four linear motors configuration

provides balanced and well-controlled positioning of the plate on a 2D plane. Using a
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relatively simple control circuit, electrostatic actuation allows for high displacement

resolution and negligible power consumption. In order to make the plate move freely

and controllably above the canvas, micro suspension springs suspend the plate and

connect it with the motors. The size of the aperture which is fabricated using FIB

defines the line width of the patterned nanostructure. With the help of FIB, we can

easily make such apertures with a diameter as small as 50 nm. A MEMS shutter can

also be integrated on the chip above the writing plate, so that only selected apertures

are exposed to the atom flux when the shutter is carefully actuated. This is useful for

multi-step deposition that some apertures can be saved for future steps. Featuring an

open-closed cycle of ∼ 100 µs period, the shutter is also able to control stochastically

very small amount of atoms, down to of order one, to be deposited through the aper-

ture. This technology called Atomic Calligraphy encapsulates the entire patterning

tool and deposition target into single silicon chip, making nanofabrication achievable

and compatible with various environments and requirements. This single use device

is manufactured at low cost using the PolyMUMPs foundry process in a scalable way,

enabling high flexibility and turnover. Since the writer device is simple to operate

and inexpensive, nonexperts can rapidly fabricate their nanoscale devices to study

novel materials or NEMS structures. Using an industry standard foundry also means

that different MEMS sensors and actuators can be assembled to the MEMS writer

seamlessly, providing a flexible way to extend the functionality of this fabrication

tool.

In this chapter, I will discuss the development and characterization of each compo-

nent of Atomic Calligraphy in detail, including the MEMS linear motor, the writing

plate and the shutter. The functionality of each part is carefully investigated to

assemble the MEMS writer. To demonstrate its versatility and flexibility, various

nanostructures have been fabricated. It will be shown that the writer is capable



17

Figure 2·1: The scanning electron microscopic (SEM) image of an
Atomic Calligraphy writer device. The core component of this de-
vice is a thin silicon plate suspended by four tethers connected to four
MEMS linear motors based on comb drive actuator, which can posi-
tion the plate precisely above the substrate surface. Evaporated atoms
pass through the aperture on the plate and deposit on the substrate to
form a designed pattern. A shutter to select apertures is an optional
component. Electrical leads provide access to the fabricated structure
for electrical measurement purposes.

to directly write very fine NEMS with precise control and minimum post-processing

requirement.
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2.2 Device components

2.2.1 The linear motor: Comb drive actuator and folded spring

The MEMS linear motor used in Atomic Calligraphy is based on capacitive comb

drive, which is actuated using electrostatic force. This comb actuator has been widely

used in various applications including gyroscopes(Leland, 2005), accelerometers(Lu

et al., 1995)(Lakdawala and Fedder, 2004), magnetometers(Thompson et al., 2011),

etc, due to its long actuation range, low power consumption and simple structure for

fabrication a basic comb drive design only needs one movable layer of polysilicon

to build. Capacitive electrostatic actuation means that it has a large linear response

with the mechanical displacement and its power consumption is very low, because

nearly zero current is flowing to dissipate energy. Sensing the displacement is also

possible via measuring the capacity change of the device. Such a comb drive provides

the driving force on the central writing plate of a MEMS writer.(Imboden et al.,

2014b)

Figure 2·2 depicts the typical comb drive we use in the MEMS writer. It has

two combs with the fingers inserting into each other alternatively with a small gap.

The static comb is anchored to the substrate while the moving comb is suspended

by a folded spring so that it can move towards or away from the static comb when

a force is applied. The spring also helps to balance the pulling force to position

the moving comb. Two combs form a capacitor and the finger design provides a

nearly linear capacitance - displacement dependency. By applying a voltage across

two combs, through the electrical leads, the electrostatic force will attract the moving

comb towards the static comb. Hence anything attached to the moving comb can be

positioned in the axis.

Micro polysilicon wires with the METAL layer run from the static comb to the
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Figure 2·2: Shown is a typical comb drive actuator design for the
MEMS writer. a) The false color SEM image shows the assembly of
the comb drive, the suspension spring and tether. The comb structure
and tether are built with POLY2 layer in PolyMUMPs process while
the spring is made of POLY1 layer. b) The model of the comb fingers
illustrates the configuration and how voltages are applied to different
parts of the comb drive to actuate the device. c) A close-up SEM image
of the comb fingers. It should be pointed out that the comb drive in
a) has a slightly different design than the one in b) and c). The latter
has an additional POLY0 charging plate underlying the static comb to
compensate the levitation force on the moving comb.
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bonding pad, while POLY0 wires connect the POLY0 underlay to another bonding

pad, as shown in Figure 2·2 a). The POLY0 underlay is connected to the folded spring

and then the moving comb through the anchor of the spring. This configuration

provides electrical access to the comb drive actuator so that the actuation voltage

can be applied through the bonding pads. We use a ball bonder to bond a thin gold

wire from the pad to the ceramic package so that connections to external equipment

are made.

The electrostatic energy stored in a capacitor can be expressed as E = 1
2
C · V 2,

where C is the capacitance of the capacitor and V is the voltage difference between

the two electrodes of the capacitor. By taking the derivative, the electrostatic force

between two electrodes can be expressed as

−→
F =

1

2

−→
∇C · V 2. (2.1)

For our comb drive as shown in Figure 2·3, the capacitance between two combs

increases as the combs come closer. For now we only consider the motion along the

x-axis, so the force can be expressed as

Fx =
1

2

dC

dx
V 2 ≈ η

2

Nε0tc
g
· V 2

c , (2.2)

where η is a numerical factor characterizing the strength of the fringe capacitance

and N is the number of combs. The representations of other symbols can be found

in Figure 2·2 b) and Figure 2·3. For an ideal parallel plate capacitor where t and

L0 � g, η approaches 1. Here, g ∼ t, and for this particular comb drive geometry

η ≈ 2.

This force will pull the moving comb towards the static comb along the x-axis and

distort the folded spring. It is balanced by the restoration force from the spring as
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Figure 2·3: Diagram of the comb drive actuator. a) Top view of the
static and moving combs. b) Slice of the cross section along the dotted
line in a).

described by Hooke’s law:

Fi = −kixi, (2.3)

where ki is the spring constant of the spring system along the ith-axis. Details on the

calculation for the spring constant will be discussed later. Therefore, the ultimate

comb displacement function is derived to be

x =
1

2kx

dC

dx
V 2 ≈ η

2kx

Nε0tc
g
· V 2

c . (2.4)

Due to the geometry of the comb, the capacitance of the comb drive has a nearly

linear relationship with the displacement, so that the derivative of the capacitance is

constant. This ensures the V 2 dependency of the displacement. As we will elaborate

in subsection 2.3.2, experiments have confirmed this assumption.
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So far only in-plane motion of the comb has been discussed. However, it has

been studied in (Tang et al., 1992) that the moving comb also experiences an out-

of-plane motion in the z-axis, namely comb levitation, which is due to the induced

charge on the giant substrate surface. As shown in Figure 2·3 b), the moving finger

will be lifted a bit when a voltage is applied. By having an independent bottom

electrode (the POLY0 electrode with a voltage VP0 shown in Figure 2·2 b)) to pull

down the comb, one can control the levitation effect. Such configuration allows for

controlled out-of-plane motion and can effectively repel a MEMS structure away from

the substrate. However, since the moving comb moves out of the plane, the levitation

will also weaken the electromagnetic coupling between the two combs, resulting in a

reduced working range and stability. Applying a voltage on the pull down electrode

depresses the levitation and increases the lateral operational range of the device. The

detail about this technique is discussed in (Imboden et al., 2014b).

Figure 2·4: Diagram of half side of the doubly folded flexure spring
with annotations.

The spring systems used to balance the driving force and suspend the writer plate

are doubly folded flexure springs, as shown in Figure 2·4. The spring constant along

x-axis for this device has been studied by Gary K. Fedder in his dissertation (Fedder,

1994). For our specific folded spring, the spring constant can be calculated as:
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kfoldedspring,x = 2
EtBw

3
B

L3
B

L2
Tr + 14αmLTrLB + 36αmL

2
B

4L2
Tr + 41αmLTrLB + 36αmL2

B

(2.5)

where wB is the width of the long beam, αm = (wTr/wB)3 is the cube of the truss-beam

width ratio, and LB1 = LB2 = LB. Here we also assume that for small displacement

the beam and truss length will stay constant. E = 158 GPa is the Young’s modulus of

polysilicon(Cowen et al., 2011). We have conducted finite element simulation for the

x-axis deformation of this spring using COMSOL Multiphysics R©Modeling Software

and the result is shown in Figure 2·5.

Figure 2·5: Simulation of the mechanical movement of the linear mo-
tor shows how the spring is deformed along x-axis during the actuation
of the comb drive.
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When a comb drive is actuated for a displacement of ∆x, the direct adjacent spring

will be deformed along x-axis by ∆x, and the opposite spring across the writer plate

will be deformed by −∆x. Two lateral tethers connected to the other two springs

will also bend, contributing to the overall spring constant as well. Their tip will move

laterally by ∆x. The configuration is shown in Figure 2·6. Theoretically, other parts

of the system including the writing plate, two tethers along the direction of motion

and two lateral springs may also contribute to the overall spring constant. However,

since they are extremely stiff along the direction of the assumed displacement, their

contribution can be safely ignored. The overall spring constant can then be expressed

as:

ktotal,x = 2 (kfoldedspring,x + ktether,x) (2.6)

where ktether,x is the spring constant for the tether to bend in order to accommodate

the perpendicular displacement on one end. The spring constant for such a beam is

given by:

ktether,x = 12
EIt,x
L3
t

=
Ettw

3
t

L3
t

(2.7)

where It,x is the area moment of inertia of the cross section along x-axis, wt and tt

are the width and thickness of the tether, respectively.

Table 2.1 lists the parameters of a typical writer device. By plugging in the number

into the above formulas, we can obtain that:

kfoldedspring,x = 0.22 N/m (2.8)

ktether,x = 0.015 N/m (2.9)
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Figure 2·6: Diagram of the entire writer device. One direction of
movement deforms two folded springs and two tethers.

ktotal,x = 0.47 N/m (2.10)

We found such numbers well in agreement with the simulation results.

The working range of the linear motor depends on several factors. The comb

drive may collapse when two combs are inserting into each other too closely, due to

the electrostatic pull-in effect. (Nadal-Guardia et al., 2002) The anchor of the folded

spring will also block the spring from further deformation at some point. While longer

working range usually requires more careful design and higher driving voltages which

raise other problems, we found that ∼ 10 µm is easy to achieve but still covers ample

area for nanofabrication.

2.2.2 The writing nib: Central writing plate

Suspended above the silicon nitride substrate, the writing plate made from either

POLY1 or POLY2 layer is the central component of the device. The plate is pulled
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Measure Value Unit
LB 255 µm
LTr 164 µm
tB 2 µm
wB 2 µm
wTr 9 µm
Lt 508 µm
wt 2 µm
tt 1.5 µm

Table 2.1: Mechanical parameters of the folded spring and tether

by linear motors through tethers in four directions on the 2D plane, so that it can be

precisely positioned. The similar design has been implemented as micro-positioner

stages in other research (Sun et al., 2008) (Ji et al., 2010). For Atomic Calligraphy,

the central writing plate works like an ink-jet printer head through apertures are

milled on the plate and nanoscale pattern is obtained by continuously depositing

atoms through the apertures, while moving the plate in a designed trace. The plate

by design covers an area in the order of ∼ 100 µm by 100 µm, so that any spot within

this area is protected from the incident atomic flux for the majority of the time

except when the aperture hovers over. Hence the characteristics of the deposited

pattern depend greatly on the size and shape of the aperture. For example, the

line width of the nano-pattern is determined by the diameter of the aperture. The

PolyMUMPs process has a minimum feature size of 2 µm, meaning that PolyMUMPs

native apertures can not be smaller than 2 µm, which is not adequate for fabricating

fine structures in the nanometer scale.

To resolve this problem, we use a FIB to mill the aperture for nanopatterning,

due to its flexibility and much higher resolution. The writer device design submitted

to PolyMUMPs process has no holes on the plate and the apertures are milled after

the protective photoresist has been removed, prior to the wet etch. Conducting the

FIB process before wet etch has three major advantages: 1) Because silicon and
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silicon oxide have different electrical properties, the detected sample current when

ion beams hit on them can be quite different, hence the sample current can be used

as an indicator of when the silicon writing plate is cut through. 2) The silicon oxide

layer keeps the writing plate from collapse and snap-in onto the substrate during the

FIB process. In the meantime, when the writing plate is milled through, the silicon

oxide can prevent damage on the silicon nitride substrate. 3) The ion beam usually

induces small amounts of dust and impurities around the targeted area, which could

be a problem if one needs a very clean substrate to fabricate fine nanostructures and

conduct measurements on them. For example, as will be discussed in the last part

of this thesis, nanoscale superconducting thin films have been deposited using this

approach. The superconducting properties of such films are extremely sensitive to

impurities and film uniformity. The silicon oxide layer protects the silicon nitride

substrate from being contaminated. After the wet etch step all unwanted material

will be washed away.

The aperture milling is accomplished by a two-step process in FIB. As shown in

Figure 2·7 a), assuming we have a POLY2 writing plate, a square region of 4 µm×4 µm

is milled 1.0 µm to 1.3 µm deep through the 1.5 µm plate, to leave a thin membrane as

the bottom of the square well. The second FIB step will then focus the ion beam onto

a much smaller area to poke through a pinhole as the writing aperture. Figure 2·7

b) shows the SEM image of the resulting structure. The pre-thinning is necessary

because a high aspect ratio will reduce the milling resolution. The typical trench

aspect ratio for FIB milling without an etch-enhancing gas is approximately four

(Yao, 2007). Therefore by pre-thinning the polysilicon plate, it is possible to poke an

aperture smaller than 50 nm through the remaining 200-300 nm thick silicon. The-

oretically even smaller apertures could be made if the plate can be further thinned,

as the width limit of the gallium ion beam can reach ∼5-10 nm (Watt et al., 2005).
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Figure 2·7: The two-step FIB process mills the aperture on the writing
plate. a) The diagram shows that the polysilicon writing plate has been
pre-thinned before drilling a small aperture. Atoms pass through the
aperture to deposit on the canvas. b) An SEM image of the pre-thinned
square region and the poked pinhole. c) A 3 × 3 array of apertures
with various shapes and sizes. The lower-left and mid-left apertures are
100 nm×400 nm rectangular apertures. d) An overview of the apertures
on the plate and the shutter device. (before release)

However, further thinning the plate is very challenging for the remaining 200-300 nm

thickness. The main problem is that the thickness of the thinned square membrane is

not uniform the area around the corner and edge is slightly thinner than the central

area, as can be seen in Figure 2·7 b). This might be caused by the wall that when

hitting the corner, ions may bounce around near the wall to enhance the milling

there, resulting in a deeper etch. Hence when aiming at making a thin membrane,
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the corner may have already been cut through before the desired membrane thick-

ness is achieved. Though not tested, theoretically this problem could be solved by

continuously shrinking the focused area during the milling, instead of the two-step

milling. This will end up with a bowl-shape well with sloped walls, so that it has a

smooth transition from the edge of the well to the central area which is the thinnest,

instead of a vertical wall and a sharp bottom edge for the two-step milling process.

The smooth transition will significantly reduce the ion bouncing effect to ensure that

the central area is the thinnest part with a controllable thickness. Though precisely

controlling the milling thickness is still challenging, this provides a potential approach

for making apertures much smaller than 50 nm. A transmission electron microscope

(TEM) can also be used to poke smaller apertures, however it requires a through

wafer etch process which means that the native PolyMUMPs substrate has to be

etched beforehand. Another approach for making smaller aperture will be discussed

in subsection 2.4.2, focusing on using deposition material to pre-clog apertures.

With the aperture milling technique discussed above, one can make more than one

aperture on the same writing plate. Figure 2·7 c) shows a 3 × 3 array of apertures

with various shapes and sizes, on the same writing plate. Due to the flexibility of

FIB milling, one can put an arbitrary number of apertures with an arbitrary layout

on the writing plate, depending on the specific fabrication need. Each aperture can

have different dimensions and shapes. This offers an efficient way to make arrays

of nanostructures with only one pass of patterning. The topological effect on the

fabricated pattern through these apertures will be discussed later.

2.2.3 Timing the fabrication: Ultra-fast shutter

While the writing plate actuated by linear motors is adequate for nanopatterning, the

integration of a high-speed shutter brings in more control and flexibility, and even
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makes single atom deposition possible. The image of such a micro shutter can be found

in Figure 2·8. The shutter is basically another polysilicon plate suspended above the

writing plate and actuated by a MEMS linear motor of the same type as the writer

plate has. Because the PolyMUMPs process only has two movable polysilicon layers,

having a shutter integrated means that the writing plate has to be on POLY1, while

the shutter plate has to be on POLY2. Such a shutter can only move in one direction

as only one linear motor is attached. More complex shutter designs supporting two-

dimensional positioning can be implemented by having an extra diagonal linear motor,

or even a full set of four motors just as what the writing plate has. Such a design is

essentially equivalent to having two independent parallel writing plates, supporting

more complicated functionalities for nanofabrication. However, here we will focus on

the 1D shutter, as it can be simply operated, and yet offers a lot of new fabrication

possibilities. There are several advantages for having an integrated shutter instead of

a macroscopic shutter or a micro shutter on a separate die. First of all, an on-chip

shutter can greatly reduce the complexity of the setup. Having a separate shutter

means that one have to build a “sandwich” setup that the shutter is inserted between

the material source and the writer device. This is extremely difficult for a micro

evaporation setup with two MEMS chips packaged facing each other, which will be

described later in this thesis. The on-chip shutter can solve this problem flawlessly.

Second, due to its miniature size, a micro shutter outperforms a macro shutter in

terms of the operating speed, which is important for fine control of the deposition

amount, especially for single atom deposition. Third, this approach encapsulates two

components together to reduce dependency, making a forward step to build a Fab on

a Chip. Last but not least, manufacturing an on-chip shutter using the same process

is very economic because it imposes no additional cost.

As the gap between POLY1 and POLY2 is only 0.75 µm, having a planar shutter
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Figure 2·8: A false color SEM image showing the integrated shutter
over the writing plate.

plate is very risky because the shutter may collapse onto the writing plate and get

stuck. A more serious problem is that as the PolyMUMPs process deposits and

patterns each layer one by one consecutively, the bottom of the POLY2 layer with no

underlying POLY1 can be even lower than the top of the adjacent POLY1 structure.

Therefore a POLY2 structure runs across the edge of a underlying POLY1 plate will

form a step on that edge, as can be seen on the shutter near the writing plate edge

in Figure 2·8. If the shutter is planar, the step will hit the writing plate when they

move towards each other, making the writer stuck. To solve this problem, the shutter

has to be lifted to give enough vertical clearance between the shutter and the writing

plate. Here we use a bimorph structure, which essentially consists of the native

PolyMUMPs gold layer and a polysilicon layer, as can be seen in Figure 2·8. Because

of the different residual tensile stresses of gold and polysilicon during deposition,

the bimorph structure will curl out of the plane after release, resulting in a slightly
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inclined tip, so that the other end of the shutter moves up at a position much higher

than original. This will offer an additional vertical clearance from a few micrometers

to tens of micrometers, depending on the bimorph design. The detail about bimorphs

manufactured with PolyMUMPs process can be found in (Morrison et al., 2015).

The shutter is actuated using the similar linear motor found in the writer device.

By applying a voltage on the comb drive, the shutter can act as an “on-off” switch for

the incident atomic flux. We are interested in the response time because it determines

the smallest atomic flux pulse and how precise one can time the deposition. The

shutter response time is on the order of the transient time of the resonant mode,

given by

τ =
Q

2πf0
(2.11)

where Q is the quality factor of the shutter system and f0 is the resonance frequency.

For a typical shutter device, Q is on the range of 102−104, while f0 is on the order of 5

kHz, resulting in a transient time of τ = 2-200 ms. However, given that the aperture

is very small and one can place the shutter close to the aperture edge, the actual “on-

off” transition time can be shortened to the order of 10 µs (Imboden et al., 2013). Due

to the miniature size of the writing aperture and the high speed of the shutter, the

deposition of single atoms is possible. Assuming that the aperture measures 100 nm

on each side and the deposition rate is about one monolayer per second, roughly

105 atoms per second are transmitted on average through the aperture. The 10 µs

response time of the shutter is fast enough to stochastically allow only one or a few

atoms to pass. It should be noted that the number of atoms can be of order one,

but the placement accuracy is defined by the area of the aperture and the position

control of the writers.
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Figure 2·9: The operation of the integrated shutter and the resulting
nanopattern. a) The shutter opens one aperture while keeps the other
one closed. b) The shutter exposes both apertures. c) The concen-
tric nano-rings fabricated through the always-open aperture. d) The
incomplete nano-rings fabricated through the periodically opening and
closing aperture. e) An overview of the canvas after the deposition is
done.

The basic function of the shutter is to selectively open and close apertures during

the evaporation, so that some of the apertures can be saved for the next step in a

multi-step deposition process. The shutter has to dynamically follow the motion of

the writing plate to make sure that the right aperture is open or closed at the desired

time. Figure 2·9 illustrates the effect of such an “on-off” shutter. In this example,

two apertures were milled on the writing plate and a shutter is used to periodically



34

open and close one aperture, while keep the other one always open. Figure 2·9 a)

and b) show the optical microscopic photos of the actuation of the shutter at 40 V

and 70 V on the comb drive, respectively. In Figure 2·9 a), both apertures are open

for the incident atomic flux, while in Figure 2·9 b) one of the aperture is covered

by the shutter. Periodically varying the driving voltage on the shutter will turn one

aperture on and off periodically. During the deposition, we actuated the writer to

move in a trace of two concentric circles and the fabricated nanostructures in such a

setup can be found in Figure 2·9 c) and d). Shown in Figure 2·9 c) is the SEM image of

the complete concentric nano-rings fabricated through the always-on aperture, while

Figure 2·9 d) is the SEM image of broken nano-rings truncated into four quadrants

fabricated through the periodically opening and closing aperture. Both structures

are patterned simultaneously by only one writing pass. The different outcomes are

obtained purely by controlling the shutter. This experiment illustrates that with the

help of the shutter, one can choose which aperture to use and when to use it based on

the specific fabrication need, especially when conducting the multi-step fabrication

process.
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2.3 Atomic calligraphy setup, calibration and dynamics

2.3.1 Device packaging and fabrication setup

The writer die is packaged inside an 8 pin or 16 pin dual in-line package (DIP) ce-

ramic socket for use. Electrical access to the device is achieved by ball bonding from

the contact pads (shown in Figure 2·1) to the socket pins. Each contact pad has the

native PolyMUMPs gold layer to provide adhesion to the ball and reduce contact

resistance. After attached to the DIP socket, the top surface of the MEMS die is

slightly lower than the edge of the socket so that a thin mask can be placed above

the device without touching the MEMS. The thin mask, made of copper, has a hole

in the center that is around 75 µm, slightly smaller than the writing plate. Hence,

the incident atomic flux can only reach the writing plate. This guarantees that only

the patterned nanostructure is deposited on the substrate. There are three major

reasons why it is necessary to keep the deposited material off of other writer com-

ponents: 1) Many commonly used materials like metals are conductive. If deposited

everywhere on the surface of the die, it will electrically short out the micro circuits

of the device, including the electrodes of comb drives and the contact wires. 2) Ma-

terials deposited on the comb drives or folded springs will alter their electrical and

mechanical properties, therefore affect the accuracy of writer plate positioning. 3)

The excessive material nearby the fabricated nanostructures may impact the exper-

iment. For example, if one fabricated iron nanostructures and tried to measure the

magnetic properties, the excessive iron around the writing area may interfere with

the measurement thus making the results invalid.

The atomic flux is provided by conventional directional physical vapor deposition

(PVD) techniques, such as thermal evaporators or e-beam evaporators. In a thermal

evaporator, evaporant placed in a metal boat or coil is joule heated by passing a
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current through the boat or coil. Thus some hot atoms near the material surface may

have enough kinetic energy to overcome the interaction among other atoms and escape

from the surface. When inside a high vacuum environment, those atoms can have a

very long mean free path so that they will fly in a straight trajectory with a very

small chance to collide with the background gaseous molecule, until they hit a cold

object and condense on it. The direction of the evaporated atom is random, however,

if the evaporation source and the deposition target are relatively small compared to

the distance between them, then the target will see a highly directional atomic flux

coming from the source. It is desired for Atomic Calligraphy to work with directional

atomic flux because it results in a well-defined line width for the nanostructure.

The DIP socket with the writer device packaged is inserted onto a sample stage

inside a thermal evaporator, as shown in Figure 2·10. Electrical access to the socket is

obtained through an electrical feedthrough. A multi-channel voltage source controlled

by a computer is used to actuate the comb drive of the writer. The sample stage can

be cooled by running liquid nitrogen through, enabling the quench condensation of

nanostructures down to 77 K. A thermal baffle is installed to prevent excessive hot

atoms to land on the sample stage because the thermal radiation from the source

and the thermal energy brought by hot atoms may suppress the cooling power of

liquid nitrogen. The atomic flux is provided by an evaporation source. Depending

on the evaporant, the specific evaporation source has to be chosen carefully so that

no chemical reaction or other incompatibilities could occur between the evaporant

and the source. For gold evaporation, a tungsten coil coated with aluminum oxide

is used. The current for heating the source is manually controlled and a thickness

monitor is used to monitor the deposition process so that one can tune the deposition

rate during patterning. The thickness monitor exploits a quartz crystal resonator

for sensing the deposited mass. A shutter (not to be confused with the integrated
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Figure 2·10: The evaporator setup for Atomic Calligraphy. The writer
device is mounted on a sample stage which can be cooled by liquid
nitrogen. Electrical feedthroughs provide access from the outside in
order to actuate the device during deposition, which is monitored by a
conventional thickness monitor.

MEMS shutter) opens and closes the incident atomic flux so that one can tune the

deposition rate before actually opening the shutter to ensure the delivery of a steady

and constant flux to the writer.
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2.3.2 Calibration of writer plate positioning

In order to accurately position the writer plate for patterning, it is necessary to exper-

imentally determine the coefficient in Equation 2.4. Device characteristics including

comb drive geometry and layer thicknesses may vary among different device designs

and PolyMUMPs runs, so that the device has to be calibrated if the design changes

or when the new run arrives. To achieve that, we deposited nanoscale dots through

the writing apertures, under several discrete driving voltages on the comb drive. It

needs to be pointed out that the shutter is closed when the driving voltage changes

and is open again after the plate stabilizes at the equilibrium position to ensure that

the deposited dot accurately reflects the equilibrium position of the plate. Such a

calibration result is illustrated in Figure 2·11. At the beginning, a dot was deposited

at the origin when there is no actuation voltages on any comb drives. Then the writ-

ing plate was actuated along x-axis for ten different voltages with equal V 2 spacing

and a dot was deposited for each voltage. Ten similar dots were deposited with two

axis actuation. The SEM image of the resulting pattern is shown in Figure 2·11 a).

Positions of these dots were measured in an SEM to plot displacement versus V 2 data

as shown in Figure 2·11 b). According to Equation 2.4, a linear fit was performed on

the data, and the residuals between the fitting line and the experimental data were

plotted in Figure 2·11 c).

According to the fitting, the displacement of the writer plate can be expressed as:

x = (1.270± 0.001)
nm

V2 × V
2
x (2.12)

y = (1.357± 0.003)
nm

V2 × V
2
y (2.13)

Because of the high linearity, the uncertainty of the fitting parameter is small. This
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Figure 2·11: The calibration of the writer device. Multiple nanoscale
dots were deposited at different driving voltages. By measuring the dis-
placement of each dots with respect to the original points, one can get a
relationship between writing plate displacements and driving voltages.
a) The SEM images of the deposited calibration dots. b) A linear fit
shows that the V 2 dependence model works very well in this case. c)
The residual between the fitting line and the experimental data.
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calibration result is from a specific device and devices from other runs with other de-

signs generally have slightly different parameters. Our experiments show that devices

with identical design from the same run exhibit very similar behavior though, so that

the calibration data can be used for the same batch of devices.

The V 2 dependence is desired for nanostructure writing because it provides a

long working range using reasonable voltages, as well as the precision needed for sub-

nanometer positioning. As an example, for the calibrated device presented above,

it only needs ∼ 90 V to move the plate for 10 µm along x-axis. On the other hand,

we gain a high precision around the origin. 1 V only moves the plate by 1.27 nm

while 0.1 V corresponds to only 0.127 Å. This means that one can create micron

scale patterns up to tens of micrometers, while still have the ability to write fine

sub-nanometer structures on the same canvas.

Digital Imaging Correlation (DIC) technique is another method to calibrate the

device. The idea is to take optical microscopic images of the device and use digital

image processing algorithm to calculate the displacement of the plate. The device

is placed under an optical microscope and images of the plate are taken at different

actuation voltages. The camera, lens and the sample stage have to be fixed and the

entire microscope has to be installed on a vibration isolation table in order to minimize

the mechanical noise. By comparing the differences among images, the algorithm can

calculate how many pixels the target structure has moved. Since it averages over the

entire image, sub-pixel precision is achievable. The detail of performing this technique

on the writing plate has been discussed in the supplementary material of (Imboden

et al., 2014a). Similar applications on MEMS can be found in (Liu et al., 2007). The

algorithm and fitting method are described in (Hung and Voloshin, 2003).
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2.3.3 In-plane oscillation and smearing effect of the writer

Since the writer plate is connected to four folded springs, the plate is subject to in-

plane oscillation during actuation. This oscillation reduces the response time of the

plate and also introduces ring-down effect that when the plate is abruptly displaced

to a new position, it will undergo small damped oscillation around the new position.

Such ring-down effect will lower the deposition precision when the patterning trace

is not continuous. To evaluate the ring-down effect, we first calculated the resonance

frequency of the writer’s in-plane lateral oscillation. The spring constant of the system

for in-plane lateral movement is given by Equation 2.10. The total effective mass can

be estimated by summing up the mass of the writer plate, tethers, two sets of the

movable combs and springs. For a rough estimate, considering that parts of the

springs will only move by half of the displacement, the total effective mass for such

a writer is 5.23× 10−10 kg. Therefore, the resonance frequency of the system is given

by:

f0 =
1

2π

√
k

m
≈ 4.77kHz (2.14)

The quality factor of the writer under vacuum is in the range of 102 − 104. The

ring-down time is on the order of the transient time of the resonant mode, which is

2-200 ms, according to Equation 2.11.

To visualize the ring-down effect, we conducted depositions by alternatively turn-

ing on and off the driving voltages on two perpendicular comb drives. During gold

deposition, a voltage on x-axis comb drive was applied for a few seconds and then

turned off, followed by a similar actuation on y-axis. Then the same procedure was

repeated over and over again. At each position, we paused for a few seconds to wait

for the writer to ring down and stabilize. The resulting pattern can be seen in Fig-



42

ure 2·12. At position (II) and (III), the deposited dot was elongated along the axis

of actuation, because the plate was pulled abruptly by the voltage pulse so that it

oscillated around the equilibrium point along that axis. The evaporated gold then

deposited along the trace of oscillation. At the origin (I), the dot has a cross shape

because the plate has been released from distant points along either x or y-axis, so

that the plate bounced back and forth along both axis.

Figure 2·12: The deposited structures show ring-down effect of the
writer. a) The overview of three deposited dots. b) The dot deposited
at origin (I) exhibits a cross shape due to the ring-down. c) The dot
deposited with a displacement along y-axis (II). d) The dot deposited
with a displacement along x-axis (III).

Traditionally such a ring-down effect can be suppressed to improve the response

speed by building a feedback loop, as elaborated in (Maithripala et al., 2005). How-

ever, the feedback loop requires additional sensing mechanism to detect the real-time

position of the writer plate. Though it has not been implemented, theoretically the

position sensing can be done by using the comb drive on the other side as a capaci-

tance sensor, so that one can measure how far the writer has moved by detecting the
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capacitance change. Additional equipment or circuits are also required to support

the sensing mechanism. Another approach for minimizing the ring-down is actuating

with a multi-step voltage pulse, in which one tune the shape of the voltage pulse,

instead of using the simple square waveform. Such techniques with applications on

MEMS electrostatic actuation have been discussed in (Chen and Ou, 2007).

The writing plate being suspended a few microns above the substrate induces the

smearing effect of the deposited pattern, as shown in Figure 2·13. This is mainly due

to the fact that the source has finite dimensions (the diameter of the evaporant in the

thermal evaporation coil is 2-4 mm) so that it does not behave like a point source.

Figure 2·13 b) illustrated how such effect results from the finite-sized evaporation

source. With a 200 nm diameter aperture, theoretical calculations on the smearing

effect for 5 µm and 0.5 µm plate height are presented in Figure 2·13 a), respectively.

The inner circle in Figure 2·13 a) defines the umbra area which receives full deposition

from the source, while the area between the inner and outer circle is the penumbra

which only sees part of the source. It can be seen that the smearing can be minimized

when the plate is brought close to the substrate. Experiments also show this effect

and the SEM images of the deposited dots can be found in Figure 2·13 c). For such

depositions, a smeared dot was deposited when the writing plate was suspended about

5 µm high above the substrate. The plate was then moved by a few microns along

y-axis and pulled down to the substrate by applying a voltage between the plate

and the wafer base. By depositing through the pulled-down writer, a clear dot with

well-defined edge was then obtained.

In order to control the smearing effect of the deposited pattern, one has to be

able to control the height of the plate above the substrate. By applying a voltage

between the plate and the silicon base of the die, the plate can be pulled towards

the substrate. However, due to the 1/3 pull-in effect that has been discussed before
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Figure 2·13: The smearing effect of the deposited pattern through
the writing aperture. a) Simulation results of the deposited dots given
that the radius of the aperture is 100 nm and the distances between
the plate and the substrate are 5 µm and 0.5 µm, respectively. b) A
diagram showing how atomic flux passes through the aperture and how
the smearing is resulted. c) SEM images of the deposited dots before
and after the writing plate pull-down.

(Nadal-Guardia et al., 2002), theoretically one can only control the height of the

plate for the first one third of the total clearance. A better way to control the plate

along z-axis might be to take the advantage of the comb levitation effect as we have

discussed in subsection 2.2.1. However, this requires a more complicated comb design

illustrated in (Imboden et al., 2014b).
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2.4 The direct writing of nanostructures

2.4.1 Calligraphy effect of the aperture

Because the writer actually “writes” material on the canvas, its aperture behaves just

like a pen nib — due to the shape of the aperture and its orientation with respect

to the plate moving direction, it produces a calligraphy effect that the stroke of

the pattern stays conformal to the aperture shape. To showcase various calligraphy

effects, we prepared a writer plate with nine different apertures arranged in a 3 ×

3 array. Gold deposition was conducted on the writer with one writing pass to get

nine structures with the same pattern, but different line strokes, due to the different

sizes and shapes of the apertures. The SEM images of the deposited patterns can

be found in Figure 2·14. For instance, as shown in Figure 2·14 b), a rectangular slot

aperture draws narrow and thick lines when it moves along the length, but wide and

thin lines when it moves along the width. By taking advantage of this effect, one

gains even more flexibility in fulfilling fabrication requirements, since one can define

any aperture shapes using a FIB.

Figure 2·14: Calligraphy effect of the apertures in a 3 × 3 array.
The patterns were obtained with one writing pass. Each pattern has
a different stroke resulted from the aperture variation. a) SEM images
of nine patterns fabricated through the aperture array. b) The infinity
pattern deposited through a rotated rectangular slot. c) The infinity
pattern deposited through the dual-hole aperture.



46

2.4.2 Line sharpening and aperture filling-in

Another phenomenon happening during nanostructure writing is the filling-in effect

of the aperture that the material accumulated on the side wall of the aperture shrinks

the opening of the aperture. This process gradually proceeds during the deposition

until the aperture gets completely clogged. The thickness of material one can deposit

through the aperture before it fully closes is on the same order of the aperture size.

However, the line width of the written structure keeps decreasing during the deposi-

tion. To visualize this process, three lines were drawn through three apertures with

constant plate moving speed and deposition rate. The SEM images of the deposition

can be seen in Figure 2·15. For different aperture sizes, two edges of each trace form

the same angle, implying that the decreasing speed of the aperture diameter stays the

same, independent of the original aperture size. While in general this effect impairs

the consistency of the line width throughout the entire deposition process, it can be

exploited on the other hand to fabricate structures smaller than the original aperture

dimensions. As we have discussed in subsection 2.2.2 that making apertures smaller

than 50 nm may be challenging, one can use a larger aperture and pre-clog the aper-

ture to make it small. This also enables run-time aperture shrinking which means

that one can use a regular aperture to fabricate some structures, then move the plate

away and deposit some material to close up parts of the aperture to make it smaller

and finish the deposition with this tapered aperture. This might be extremely useful

when one needs to build a relatively large nanocircuit and then deposit a few atoms

of impurities on the circuit for quantumn transport experiments.

To overcome the clogging problem, a cleaning mechanism which cleans the mate-

rial accumulation around the aperture has to be implemented. A possible way might

be to heat the writing plate so that the material gets evaporated off of the writer plate
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Figure 2·15: Line sharpening due to the filling-in effect of the aper-
ture. Three apertures with different diameters were milled on the writ-
ing plate. The writer was then actuated to move from left to right
slowly during gold deposition with a constant rate. Three lines with
varying width were drawn through the apertures, showing the effect of
aperture closing up.

and the aperture opens up again. The tethers can be used as heaters by running a

current through. Because the tether is long and narrow, it has a relatively large

resistance thus the current induces joule heating on the tether. The writing plate

is suspended only by the tether, so that when in vacuum the thermal conduction

through the tether will dominate the transfer of heat. Hence the plate stays isother-

mal and its temperature is controlled by the heating on the tether. This technique

uses the similar idea of our micro evaporation sources which will be discussed in later

chapters. Preliminary experiments has been carried out, showing that it is feasible to

keep materials off of the aperture during deposition by heating the plate. However,

the heat also changed the mechanical properties of the tether and the thermal stress

inside the tether even deformed it so that the tether touched the substrate. This
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significantly affected the positioning of the writing plate and has to be solved before

one can use plate heating to clean the aperture.

2.4.3 Nanostructure array printing

Due to the fast response speed of the writer, the writer can actually “print” nanos-

tructures. The major difference between printing and writing is that for writing, the

writer moves relatively slowly to deposit continuous pattern defined by the trace of

the movement, while for printing the writer deposits a dot at each pixel of the struc-

ture and jumps among pixels to finish the deposition so that all dots will eventually

form a pattern. In the printing mode the writer works just like a macroscopic ink-jet

printer, which scans through a bitmap line by line and sprays ink for each pixel.

However, for our writer device, the atomic flux is usually kept constant throughout

the deposition process. Therefore the discontinuity of deposition when jumping form

one pixel to another is realized by making the transition very fast, so that very few

atoms can reach the canvas along the route of plate moving. The plate will then stay

static at the pixel for material deposition until a desired thickness is reached, before

jumping to the next pixel. As has been discussed in subsection 2.3.3, ring-down effect

could be a problem for printing especially when the pixels of the designed structure

are too sparse. To overcome this difficulty, multi-step voltage pulse actuation could

be an option, but a more practical way is adopting a combination of slower deposition

rate and longer waiting time for each pixel, so that the leakage during plate moving

is minimized.

When there is an aperture array on the plate, multiple identical structures can be

printed simultaneously with one printing pass. To demonstrate this technique, a 4 × 4

array of words “BU” was printed with gold being the deposition material, as shown in

Figure 2·16. The bitmap of the designed structure, “BU” in this case, was loaded into
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Figure 2·16: A 4 × 4 array of words “BU” was printed by the writer
using gold. a) The screenshot of the LabVIEW program used to control
the writer actuation shows the bitmap of the word “BU”. b) The SEM
image of the deposited nanostructure array.

the LabVIEW program which controls the writer by controlling the voltage sources

for each individual linear motor. The screenshot of the program in Figure 2·16 a)

shows the bitmap data of the structure. During the deposition, the program scanned

each pixel of the bitmap line by line. If the current pixel has a non-zero thickness

value, the program will move the writer to the corresponding position and wait for

a certain length of time, which is calculated from the thickness setting and current

deposition rate. This ensures that every dot can reach the desired thickness. The

SEM image of the nanostructure array is shown in Figure 2·16 b). All 16 patterns

are fabricated altogether with one printing pass.

2.4.4 Nanoscale 3D printing

So far all structures fabricated using the writer are single layer structures. However

the writer is even able to fabricate structures with higher topological complexity,

by depositing and patterning another material as a sacrificial layer. In this case,

suspended structures are made possible by patterning the sacrificial layer beforehand

underneath the structure material. A release step removes the sacrificial material

to set free the 3D structure. This process is similar to the conventional lithography
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technique for building multi-layer structures, but the major difference is that all

patterning work is done by the writer instead of lithography.

Figure 2·17: SEM images shows the procedure of nanoscale 3D print-
ing. a) Two sets of slot apertures were milled using FIB for sacrificial
layer and bridge layer deposition, respectively. b) After the deposition
of the gold sacrificial layer, the imprint of shutter opening is visible on
the writer plate as it is used to protect the other set of apertures for
future bridge deposition. c) The chromium bridges are deposited on
top of the gold ridges. d) After gold etching, the underlying gold was
removed to release the suspended chromium structure.

Figure 2·17 highlights several steps of such a 3D printing process. In this example,

we used chromium as the structure material and gold as the sacrificial material. The

deposition was conducted in an evaporator where one can switch between two different

evaporants for deposition. Apertures for both sacrificial layer patterning and structure

layer patterning were milled on the same writer plate using FIB, but separated by a

distance so that a shutter could be used to selectively expose designated apertures.

In this case, two sets of slot apertures with perpendicular orientations were prepared.

Each set consists of three long parallel slots, as shown in Figure 2·17 a). we used one
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set of slot apertures to deposit gold strips on the substrate as sacrificial structure.

During gold deposition, the writer stayed static and the other set of apertures were

saved by the shutter for future fabrication of bridges. The gold imprint that can

be seen in Figure 2·17 b) shows how the shutter was used to only expose one set of

apertures at a time. The thickness of gold layer determines the height of the nano-

bridge suspended above the substrate. After gold deposition, the writer moved to

bring the unused perpendicular slot apertures over those pre-deposited gold strips.

Chromium evaporation was then conducted to fabricate chromium strips across gold

ones so that bridge structures were formed on top of gold ridges, as can be found in

Figure 2·17 c). Then the die was taken out of the evaporator and the writer plate

was removed carefully by a probe. A final release step was carried out by immersing

the die into gold etchant to dissolve gold strips but keep the chromium intact. The

chromium bridge was then suspended as shown in Figure 2·17 d).

In principle, multi-layer 3D nanostructures can be manufactured by repeating the

similar procedure multiple times. However, the release step must be the final step

and can only be executed once. This is because that in order to dissolve the sacrificial

material the whole die has to undergo the chemical etching process which usually al-

ters the electromechanical properties of the device and even destroys the functionality

of the writer. It has been proposed that some material like water or carbon dioxide

may be used as the sacrificial material.(Han et al., 2010)(Gardener and Golovchenko,

2012) Molecules of these materials condense when they hit the cold substrate and

sublime once the temperature is raised up again, leaving no residual. This self-release

property provides a way to fabricate multi-layer 3D nanostructures without the need

of breaking the vacuum and removing the die for release, enabling experiments and

measurements to be done in-situ. While for traditional lithography patterning ice

can be a real challenge, the direct writing of material with our writer is a physical
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process which doesn’t require the deposition material to have specific chemical prop-

erties for patterning. Hence the Atomic Calligraphy approach is naturally compatible

with such material. However, the evaporator does need special apparatus to spray

molecular flux into vacuum with a controllable rate.

2.5 Conclusion

In this chapter, a new approach of fabricating nanostructures using MEMS, namely

Atomic Calligraphy, is introduced. The writer device consists of a writing plate and

four MEMS linear motors so that the plate can be precisely positioned on a 2D

plane. Atomic flux emitted from the source of an evaporator passes through the

apertures on a moving writer plate to form nanoscale patterns. The apertures are

milled using a FIB to achieve nanoscale structure line width. Due to the miniature

size of the device and V 2 dependency actuation of the comb drive, the writer plate

can be positioned with sub-nanometer precision. A micro shutter is integrated for

aperture selection and fabrication timing control, which has the potential to further

enable single atom deposition. Various nanostructures have been fabricated using this

writer device to characterize the functionality and versatility of this technology. Since

the patterning process described here is a final step process which does not require

chemical developing and etching steps, a broader selection of material is available

and in-situ experiments are made possible. It has also been shown that with the

introduction of a secondary material as the sacrificial layer, one can even build 3D

nanostuctures using such a device. Integrating the writer with other MEMS based

counterparts of a fab will eventually enable the build of a Fab on a Chip which brings

the entire nanofabrication system down to the microscopic scale.



Chapter 3

MEMS Mass Sensor: Film Thickness

Monitoring

3.1 Overview: MEMS resonators as mass sensors

A crucial element for any fabrication or deposition system is a film thickness mon-

itor/mass sensor, so that one knows how the process is going. While the writer

device consists of actuators, which are devices that can manipulate the environment

to produce a desired outcome, MEMS technology has also been extensively used

for sensing. Examples include magnetometers,(Aksyuk et al., 1998) chemical sen-

sors,(Waggoner and Craighead, 2007)(Laconte et al., 2004) inertial sensors, and pres-

sure sensors.(Judy, 2001) In this chapter, I will demonstrate using MEMS for mass

sensing so that high resolution thickness monitoring for nanofabrication is achieved.

The speed, sensitivity, and ability to be integrated on chip makes this an attractive

approach. MEMS mass sensors have already been realized; examples include arrays

of CMOS integrated sensors with femtogram resolution(Villarroya et al., 2006) as well

as functionalized resonators for biological sensing with pg/fg resolution.(Ismail et al.,

2008)(Lee et al., 2011) As will be shown in Chapter 4, the resonator has a working

range of deposition amounts over eight orders of magnitude. The sensitivity levels

are ideally suited for Fab on a Chip applications considered. Since it is manufactured

using the same PolyMUMPs fabrication process as the writers, the sensor can be

integrated on chip with micron alignment accuracy.

53
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Figure 3·1: a) Colored SEM image of the integrated mass sensor. b)
Finite element simulation showing the amplitude of vibration of the
fundamental resonance mode.

An example of such a mass sensor we have built based on MEMS principles is

shown in Figure 3·1 a). Figure 3·1 b) visualizes a finite element simulation of the

fundamental mode occurring just below 40 kHz. The mass is dominated by the oc-

tagonal plate in the center. Eight springs are arranged around the edges and covered

by the tan structure around the perimeter. The print-through from the manufactur-

ing process makes the underlying springs visible. Similar square plate designs with

four springs and resonance frequencies ranging from 40 kHz to 200 kHz have been

manufactured and tested as well. The cover is needed to protect the springs from the

atomic flux. This ensures that the deposited atoms only add mass to the resonator

and do not affect the restoring force. As a result the change in the resonance fre-
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quency is purely due to the added mass and not dependent on other properties, such

as elasticity, of the deposited material. The frequency can be monitored in a closed

loop setup with an accuracy better than 1 part in 108. As will be discussed next,

mass weighing is achieved by monitoring the resonance frequency shift.

3.2 Modeling the mass sensor

The mass sensor was modeled in 3D using CAD software with the same design pa-

rameters as the MEMS design. The 3D model was then imported into COMSOL

Multiphysics Modeling Software for eigenfrequency simulation. To mimic material

deposition, a mass loading boundary condition was applied to the upper surface of the

center plate, within the same area as the shield opening. When using a mass loading

boundary condition, mass is added without changing the stiffness of the structure.

This approximation is only valid if the added material does not contribute signifi-

cantly to the spring constant of the device. The assumption holds for three reasons:

1) many metals used for deposition, such as gold, have much higher densities and

lower Youngs moduli than silicon, making the mass contribution to the resonance

shift dominate the mechanical contribution; 2) the spring constant of the device is

determined predominantly by the folded spring, while all the added mass is confined

on the plate which is much stiffer than the spring; 3) very little tension can exist in

the deposited film because, for the thickness range of interest, the deposited film is

not continuous due to the fact that the surface roughness of the polysilicon is on the

order of 10 nm.

Though most of the spring constant is provided by the folded spring, the oscillating

plate itself may also bend on resonance, causing the plate to curve. The concept of

effective mass is exploited to better model the spring-mass system. For any real
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resonator, the mass along the length of the spring has a distribution in amplitude.

The effective mass is a measure of the relative displacement of each infinitesimal mass

unit, and can be defined as followed:

∫∫∫
1

2
v2 dm =

∫∫∫
1

2
ρv2 dV =

1

2
meffv

2
max (3.1)

The left-hand side (LHS) is the total kinetic energy of the oscillation system. The

right-hand side (RHS) is the kinetic energy of a point mass with a velocity the same

as the maximum velocity for all points of the oscillating system. The effective mass is

mode dependent and always smaller or equal to the true mass. The effective mass of

the deposited thin film ∆meff can be defined in the same way, where in this case the

integral runs over the volume of added mass, not the entire resonator. As discussed

previously, the spring constant of the system will not be affected by the added mass,

therefore, for a small added mass (small compared to the total mass of the resonator),

a simple relationship between the effective mass change and resonant frequency can

be used:

∆f

f
= −1

2

∆meff

meff

(3.2)

The effective mass of the mass sensor meff can be easily calculated by integrating

over the volume of the resonator:

meff = ρ

∫∫∫
(
v

vmax

)2 dV = 0.8013m0 = 1.354× 10−10 kg (3.3)

Here, m0 = 1.690× 10−10 kg is the mass of the mass-spring system in the simulation,

including the oscillating plate and the folded springs. v/vmax is determined by oscil-

lation geometry assuming that, for a small amplitude oscillation, each point of the

system is undergoing a harmonic oscillation with the same frequency. Thus the ratio
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of velocities between two different locations is equal to the ratio of the amplitudes.

The effective mass of the deposited film ∆meff for a given actual mass ∆m is

also obtained by taking the surface integral over the area of the shield opening on the

oscillating plate. Assuming a uniform thickness, we get

∆meff =
∆m

A

∫∫
(
v

vmax

)2 dS = 0.8581∆m (3.4)

where A is the area of the shield opening. The ratio between ∆meff and ∆m stays

constant for varying ∆m because it depends entirely on the geometry and oscillation

mode of the mass sensor. In this case, by combining this ratio into meff , Equation 3.2

can be rewritten as

∆m = −2 ·mce ·
∆f

f
(3.5)

wheremce is the combined effective mass. mce =
1.354× 10−10 kg

0.8581
= 1.578× 10−10 kg.

The simulated frequency shift for an added mass boundary condition of the funda-

mental mode is plotted in Figure 3·2. The fit confirms the linear relationship between

the frequency shift and change of effective mass with a slope of−0.4956±0.0004, which

is close to the theoretical prediction of −1/2. The intercept is −9.42 ± 2.37× 10−6.

The fitting line, together with Equation 3.3 and Equation 3.4, is the basis of measur-

ing mass of change by monitoring frequency shift. It should be noted that the linear

relationship only holds within a certain regime because, for large mass change, the

accurate form of the frequency shift is

∆f =
1

2π

√
k

m+ ∆m
− f0 (3.6)

In our application, we are only interested in the regime where the assumption of
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Figure 3·2: The simulation of mass loading effect on the mass sensor
shows a linear relationship between the frequency shift and change of
effective mass.

linear dependency offers adequate accuracy.

3.3 Driving and sensing the mass sensor

The MEMS mass sensor is capacitively driven and sensed. When applying a voltage

across the two plates of the resonator, the equation of motion for the oscillating plate

can be written as

ẍ+ γẋ+
k

m
x =

1

2m

dC

dx
V 2 (3.7)

For small amplitude oscillation, the capacitance of the resonator can be approximated

as

C = C0 + C ′x+ C ′′x2 (3.8)

where C0 is the capacitance at the equilibrium position while C ′ and C ′′ are the first
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and second derivatives of the capacitance evaluated at the equilibrium position. The

driving voltage is a superposition of AC and DC signals, so by plugging equation

Equation 3.8 into the equation of motion, one can get

ẍ+ γẋ+
k

m
x =

1

2m
(C ′ + 2C ′′x)(Vdc + vac)

2 (3.9)

Since the amplitude of the AC signal vac is much smaller than the DC bias Vdc, to a

first order approximation, Equation 3.9 can be simplified as

ẍ+ γẋ+ (
k

m
− C ′′V 2

dc

m
)x =

1

2m
C ′V 2

dc +
1

m
C ′Vdcvac (3.10)

For a harmonic excitation vac = vi · cosωt, by redefining the equilibrium position of

x, this equation can be solved and the solution is

x(t) = A(ω) cos(ωt+ φ(ω)) (3.11)

with

A(ω) =

1

m
C ′Vdcvi√

(ω2 − ω2
0)2 + γ2ω2

, (3.12)

ω2
0 =

k

m
− C ′′V 2

dc

m
(3.13)

and

φ(ω) = arctan
γω

ω2
0 − ω2

(3.14)

The oscillation is sensed by detecting the current flowing from the static plate
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i = −dQ

dt
= −d[(C0 + C ′x+ C ′′x2)(Vdc + vac)]

dt
≈ −VdcC ′

dx

dt
− C0

dvac
dt

(3.15)

The second term has an amplitude linearly dependent on ω, while the first term

depends strongly on ω near ω0

i =

1

m
(C ′Vdc)

2viω√
(ω2 − ω2

0)2 + γ2ω2
sin(ωt+ φ(ω)) + C0viω sinωt (3.16)

which indicates that the current has a Lorentzian line shape for a frequency sweep

near ω0, after subtracting out the background term C0viω sinωt.

3.4 Circuit setup for resonance frequency tracking

In order to monitor the atomic flux during an experiment, the resonance frequency

is continuously monitored. To this end, a self-oscillating circuit was built using a

SR 124A lock-in amplifier to complete the phase-locked loop. The circuit diagram

is shown in Figure 3·3. The lock-in amplifier uses a reference channel to lock onto

the external signal, and outputs a sinusoidal signal with the same frequency as the

reference. The output signal is used to drive the resonator and the signal sensed on

the ground plate of the resonator is sent back to the lock-in amplifier to form a closed

resonating loop. The AC amplitude, phase and DC bias of the output signal can

be set to desired values on the front panel. A frequency counter is used to measure

the resulting closed loop resonance. The averaging time for frequency counting is 0.5

seconds, followed by 0.5 seconds of data communication and processing time.

Such a system can work as either an open loop setup using a waveform generator

as the frequency source or closed loop to form a self-oscillating circuit. With the open

loop setup, the resonator can be characterized by performing a frequency sweep to get
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Figure 3·3: The diagram of a MEMS resonator self-oscillating circuit.
A lock-in amplifier is used to phase lock the resonator so that an elec-
trical oscillation with the same frequency as the resonator is kept inside
the loop.

the Lorentzian response. Figure 3·4 shows the plot of such a sweep. In the sweep, the

driving voltage is set to 10 mV with a DC bias of 500 mV. The y-axis is the amplified

current sensed on the ground plate of the resonator with the sensitivity of the lock-in

amplifier set to 1 nA. For a harmonic oscillator with a damping proportional to the

velocity, the oscillation amplitude should have a Lorentzian line shape according to

the discussion in section 3.3 and Equation 3.16

u(f) =

umax · f0
Q

f√
(f 2 − f 2

0 )2 + (
f · f0
Q

)2
(3.17)

where u(f) is the oscillation amplitude depending on frequency; umax is the oscillation

amplitude at resonance; f0 is the resonant frequency; Q is the quality factor, which

describes the width of the resonance peak. A curve fitting using this equation has

been applied to the sweep data. The fit gives f0 = (85 080.664± 0.013) Hz and
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Q = 26442± 258.

Figure 3·4: The Lorentzian response of an 85 kHz resonator. The
Q-factor of this resonator is around 26K.

For a closed loop oscillation, the oscillating frequency in the loop will be locked to

the resonant frequency. In a mass loading experiment, the resonant frequency shifts

due to the mass change, and the oscillating frequency will shift as well to follow the

resonant frequency at all times. By reading the frequency counter, the added mass

can be easily calculated using Equation 3.5 or the calibration data obtained from

a macroscopic film thickness monitor typically used in thin film deposition systems.

For such a phase-locked state, the typical AC driving voltage is 10 to 20 mV, with a

DC bias voltage of 100 to 1000 mV for a 85 kHz mass sensor.

3.5 Calibration and sensitivity of the mass sensor

The mass sensor is calibrated in a standard thermal evaporator. Using a conventional

crystal thickness monitor the deposition is recorded independently of mass sensor’s

frequency shift. The crystal sensor is placed beside the MEMS mass sensor to ensure

that they receive the same thickness of deposition. The results are plotted in Fig-



63

ure 3·5. For the mass loading, it is found that ∆f/∆m = (201.1± 0.1) Hz/ng. The

metal deposition will also change the temperature of the MEMS device and introduce

a frequency shift due to the change in the Young’s modulus. (Kim et al., 2007) To take

this effect into account, the temperature is cycled without adding mass. The tem-

perature dependence of (−1.814 37± 0.000 08) Hz/K, plotted in Figure 3·5 c), is used

to subtract out thermal effects by measuring changes in temperature during evapo-

rations. This function can also be accomplished using on-chip silicon thermometers.

While the relative change in mass can be determined with high precision, the absolute

mass accuracy is limited by the calibration accuracy, which is on the order of 1%.

The advantage of self-oscillating phase-locked-loop is that it provides an extremely

precise real-time measurement of resonant frequency, which depends on the mass

loading. The resolution and precision of this measuring system is determined by the

stability of the measured frequency that can be quantified. Allan deviation is a widely

used two-sample deviation to evaluate the frequency stability of oscillators. (Allan,

2005)

σf (τ) =

√√√√ 1

2N

n→∞∑
n=1

(
fn+1 − fn

)2
(3.18)

where τ is the averaging time for each measurement; fn is the average value of the

n-th measurement. Also the definition of Allan deviation is based on measurements

which have no wait time between them. Since, in our current setup, a wait time

is used for data processing and communication, the Allan deviation is obtained by

applying a conversion to eliminate the influence of wait time. (Barnes and Allan,

1990)

The Allan deviation of the mass sensor for different averaging time has also been

measured. The result is shown in Figure 3·6. The minimum of Allan deviation occurs
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Figure 3·5: a) Calibration of the MEMS mass sensor using a con-
ventional evaporator and film thickness monitor. b) From the slope it
is found that a change of 1 mHz in resonance frequency corresponds
to approximately 5 fg added mass. c) Temperature calibration reveals
a (−1.814 37± 0.000 08) Hz/K linear temperature dependence. Paren-
theses indicate the standard fitting error.

at τ = 10 s. σf (τ = 10 s) = 0.717 mHz, which corresponds to a mass resolution

of approximately 3.56 fg. However, when using the mass sensor as a film thickness

monitor during evaporation, a fast response of the mass change is desired. Hence

for our application the averaging time is determined as a balance of both resolution

and response time. The averaging time for minimum Allan deviation is usually not

practically feasible.

State of the art NEMS devices have reached single atom mass sensitivity. (Jensen

et al., 2008) While this level may not be achievable using MEMS structures, it is
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Figure 3·6: The Allan deviation of an 85 kHz mass sensor for different
averaging time, demonstrating ∼ 1 : 108 resolution. Minimum Allan
deviation ia achieved at an averaging time of 10 s.

believed that there is still room for orders of magnitude improvements resulting in

sensitivities on the order of 104− 105 gold atoms. Given that we are targeting evapo-

ration rates of a monolayer per second for our experiments, we currently have ample

sensitivity for our experiments. In operation, this device will be used to measure both

the evaporation rate and the total number of evaporated atoms emitted by the micro

evaporation source which will be introduced in the next chapter. By using the mass

sensors in high flux areas and considering geometric factors such as aperture size and

distance from the source to the aperture, it will be possible to generate flux and mon-

itor rates of a few atoms per second per aperture, and hence to fabricate structures

comprised of single or few atoms. It will also be discussed in the next chapter that

even though single mass deposition smaller than 3.56 fg may not be detectable using

our mass sensor, by having thousands of identical mass emissions set off sequentially

and measuring the total effect on the mass sensor, one can characterize and quantify
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single mass emission that is much smaller than the resolution of the mass sensor.



Chapter 4

Programmable Solid State Atom Sources

for Nanofabrication

4.1 Overview: A micro evaporation source

The inexorable march to smaller feature sizes in devices and systems as described by

Moores Law has created a large, international research effort to develop scalable tech-

niques for producing nanoscale structures.(Liddle and Gallatin, 2011)(Moore, 1995)

General categories of approaches include nanolithography with a wide range of re-

sist technologies, nano-imprint,(Chou, 1996) AFM/STM,(Xia et al., 1999) and direct

write methods such as dip-pen lithography(Zhang et al., 2003) and dynamic stencil

lithography(Egger et al., 2005)(Racz et al., 2004)(Vazquez-Mena et al., 2014) includ-

ing our Atomic Calligraphy technique introduced in chapter 2. In many of these

methods, one needs a source providing atoms which get positioned or patterned by

these techniques. For example, in Atomic Calligraphy, one uses a MEMS plate with

nanoscale apertures which move while a flux of atoms rains down upon the substrate.

By moving the plate and aperture, a pattern is written. Sources of atoms with fast

response times placed into an array would allow one to start and stop the writing and

evaporate different materials simultaneously at different rates while the plate moves.

Atom sources are an integral part of the Fab on a Chip concept, which will enable

real-time in-situ nanofabrication using silicon micromachines.(Imboden et al., 2014a)

In this chapter such micro solid state sources of atoms with millisecond response

67
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times will be described. At least eight orders of magnitude in mass of a wide range

of metals can be deposited controllably. It is shown that one gains many advantages

by doing physical vapor deposition at the micron scale.

The source is based on a polysilicon plate suspended by two electrical constriction

leads. When resistively heated, the pre-loaded material is thermally evaporated from

the plate. While micro sources have been used for thin film and nanoparticle depo-

sition,(Meyer et al., 2011) we show that our further-miniaturized device has a fast

thermal response time and requires small amounts of electrical power to reach high

temperatures. It can reach high enough power densities to evaporate atoms off the

micro-plate while consuming low overall powers, thus keeping both the target and the

source substrate cool. Its miniature size also enables one to place many such sources

in an array, each one loaded with a different material, building a multi-element evap-

orator. Furthermore, being compatible with standard MEMS manufacturing process,

our devices can be integrated to work with other Fab on a Chip modules including the

writer covered in chapter 2 and the mass sensor which is used to weigh the deposited

mass and detect the atom emission of the source, as described in chapter 3. We show

that our devices can produce atom fluxes with precise control in terms of what, when

and how many atoms are being evaporated.

4.2 Device design and operation

The devices are fabricated using the same MEMSCAP PolyMUMPs foundry process

as the writer and mass sensor. After the wet etch release step, the devices are then

coated with a ∼20 nm thick layer (200 cycles) of Al2O3 by Atomic Layer Deposition

(ALD). This forms an electrically insulating layer between the polysilicon structure

and the material loaded for evaporation. The devices are shown in Figure 4·1. The
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Figure 4·1: a) False-colored SEM image of the source array with
springs (red) protected by the integrated shadow mask (purple). Power
can be applied to each source element individually, through polysilicon
leads coated with gold. b) Each source element consists of a suspended
source plate and two spring-shaped constrictions. A bias voltage across
the source plate heats the source. c) FEA simulation shows a uniform
temperature profile across the source plate.

sources are arranged into arrays of 12 polysilicon plates, each 50 µm× 50 µm in size,

2 µm thick and are suspended 2 µm over the substrate by two 2 µm wide serpentine

springs. The typical room temperature resistance of a source element is ∼ 800 Ω,

with most of the resistance dominated by the two springs. The source plate can be

loaded with material using a conventional PVD process. When a current is applied,

the spring acts as a heater, and the device works like a micro hot-plate.(Grabiec
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et al., 2005) As the center plate reaches certain temperatures, the loaded metal of

choice is thermally evaporated. Each plate and heaters form an individual atom

source element. Variants can be designed by adjusting the dimensions of the plate

and heaters, resulting in different electrical and thermal characteristics. Electrical

leads wire the source array to bonding pads in a way that each source element can be

accessed independently. Micro polysilicon shadow masks elevated by bimorphs can

also be introduced to protect the heaters, as shown in Figure 4·1 a). This feature

helps by keeping loaded material off the heaters as is discussed later on.

Figure 4·2: Finite element simulation of the mechanical deformation
due to thermal expansion of the source. Color scale shows displacement
in nanometers with the source plate heated to 1300 K and anchored at
3 K. The deformation in the figure is exaggerated for better visibility.
The spring shaped heaters allow the structure to bend, ensuring the
mechanical integrity of the device during hundreds of thermal cycles.

The polysilicon heaters are electrical and thermal constrictions and get hot through

joule heating when a current is applied. A typical working current is less than 2 mA,

with a power less than 10 mW. Thermal energy is added symmetrically by the two

heaters until an equilibrium temperature is reached. Heat dissipation is dominated
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by thermal conduction to the base. Finite element simulations indicate that above

1000 K radiation effects become more and more significant. The j = εσT 4 dependency

of thermal radiation density, given by the Stefan-Boltzmann law, improves the tem-

perature uniformity of the plate. Simulations including radiation cooling suggest a 1 K

uniformity on a plate heated to 1300 K as shown in Figure 4·1 c). Because of the small

powers involved the much larger substrate stays cool even as the springs and plate

are hot. When heated, the plate glows like a micro-incandescent source(Mastrangelo

et al., 1992) and can be seen with the naked eye. Because of the elevated tempera-

tures, thermal expansion of the plate and springs induces stresses on the heaters. The

source deformation caused by thermal stress is simulated and plotted in Figure 4·2.

The serpentine design is critical because it relieves these stresses so that each device

can be pulsed to high temperatures thousands of times without mechanical failure.

This robustness enables us to use continuous voltages for ample mass depositions, as

well as short voltage pulses that can deliver controlled amounts of metal atoms at

precise times.

Figure 4·3: Voltage sweep of the unloaded MEMS source. When the
voltage exceeds 3 V (point of inflection), the source becomes unstable.
This can be explained by thermal breakdown of the polysilicon or other
possible causes.(Mastrangelo et al., 1992)
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The source is typically operated by applying a constant voltage bias or voltage

pulses (see Figure 4·1 b)). The non-Ohmic behavior (increasing resistance with in-

creasing temperature(Geisberger et al., 2003)) favors a voltage bias to prevent run-

away heating. The plot of voltage sweep is included in Figure 4·3. Hence a constant

voltage constrains the power and a final equilibrium can be reached faster and more

reliably than would be the case for current biasing. Figure 4·4 illustrates the devices

in operation. Shown are four configurations: All sources turned off (a), voltages ap-

plied to all 12 sources in the array (b), voltage on one device (c) and half of the devices

biased in a pattern (d). Detailed measurements (discussed later in this chapter) show

that the devices have a thermal response time of several milliseconds. This feature

gives one precise control over the starting and stopping of atomic evaporations. With

the ability to actuate each source of an array individually, a digitally programmable

atom source is achieved.

Figure 4·4: Dark-field optical microscopic images of the source array
glowing when current is applied. Each source can be actuated inde-
pendently. Adjacent sources, separated by a few microns are thermally
independent.



73

4.3 Metal evaporation and mass transfer detection

4.3.1 Metal loading and evaporation

The micro hot-plates become atom sources when a material is deposited onto the

plates using conventional PVD methods. When heated, films of the material (∼

100 nm) are evaporated off of the source. The mass flux coming off the surface of the

material is given by Hertz-Knudsen equation(Ho lyst and Litniewski, 2009)

j =
mPvap (T )√

2πmkBT
(4.1)

where m is the atomic mass of the material and Pvap (T ) is the vapor pressure of

the material, depending on its temperature. The theoretical relation between va-

por pressure and temperature is described by Clausius-Clapeyron equation(Frost and

Kalkwarf, 1953)

ln (Pvap) = A− (B/T ) (4.2)

where A and B are empirical constants. This equation indicates that the vapor

pressure changes dramatically with a small change in temperature. This provides the

foundation of controlling the evaporation rate over several orders of magnitude while

still keeping the temperature within a reasonable range.

Shadow masks can be used to only expose selected source plates of an array

for material loading in a conventional thermal or e-beam evaporator. Therefore each

source plate can be loaded with different material by repeating the PVD and exposing

different source plates each time. This procedure prepares a multi-material source

array, which would enable multimaterial co-evaporation. Because each source element

has independent electrical leads and are thermally decoupled, different materials can
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be evaporated simultaneously or sequentially, offering great flexibility.

Because only the micro plates get hot while the substrate stays cool, each evapora-

tion only dissipates a few milliwatts of power. These are in essence solid state sources

of atoms suitable for materials that have a vapor pressure higher than that of silicon.

Because of the low powers needed, we will show that these sources are well suited

for low temperature environments. Furthermore, the total power can be constrained

by pulsing the source. This lets one have the ability to quench condense atoms on a

sample at low temperatures in-situ, without significant heating of the sample.

4.3.2 Metal-silicon reaction prevention

When the source is in operation, the high temperatures cause the silicon to react

with the source metal. To prevent this reaction, an inert barrier layer protects the

silicon from chemical attacks such as the formation of metallic silicide. Gold, for

example, forms an eutectic with silicon at ∼ 636 K,(Okamoto and Massalski, 1983)

far below the evaporation temperature. As previously mentioned we use a ∼ 20 nm

thick ALD deposited Al2O3. The robustness(Miller et al., 2010) of the sapphire film

helps to isolate the polysilicon structure from the evaporant both electrically,(Groner,

M. D., Elam, J. W., Fabreguette, F. H., & George, 2002) and chemically,(Miller et al.,

2010)(Groner, M. D., Elam, J. W., Fabreguette, F. H., & George, 2002) allowing one

to use a wider range of elements on the source. Eight different metals have been

evaporated, including In, Ag, Au, Cu, Fe, Al, Pb and Sn. No molecular materials

have been tested so far, but in principle they should work equally well.

The failure temperature of the atom source is dependent on the loaded mate-

rial. For example, it has been observed that aluminum will diffuse through Al2O3 as

temperatures exceed 1200 K(Guha et al., 2002) and react with silicon, resulting in an

unstable drifting of the resistance. An e-beam evaporated tungsten coating (∼ 30 nm)
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as barrier layer was also tested for aluminum evaporation. The evaporation rate and

source resistance was stable for low power because the silicide-forming reaction of

tungsten is minimal below 1000 K.(Kamins, T. I., Laderman, S. S., Coulman, D. J.,

& Turner, 1986) Failure has occurred on gold and iron for high evaporation temper-

ature as well. Micro-cracking of alumina is a probable failure mechanism.(Baumert

et al., 2011) This is shown in Figure 4·5 where bare plates show pitting at high powers.

Once the material reaches the polysilicon structure, a eutectic may form, lowering the

melting point of the alloy to make the source fail early. The source was heated by

100 ms pulses with each pulse voltage increasing by 10 mV. The silver melted at power

of 6.01 mW (as determined by the SEM image) and was all evaporated by the time the

source reached a power of 8.31 mW. The pitting is first observed at 8.75 mW. It has

been reported that Al2O3 fails at 1500 K,(Zhang et al., 2007) a plausible temperature

of the source. For sources loaded with gold this pitting leads to catastrophic failure.

At the failure temperature the gold is still present and comes in contact with the

silicon to form a eutectic. This can be observed for the source actuated with 100 ms

∼ 9.0 mW pulses shown in Figure 4·5 b). Faults rapidly grow and failure occurs as

the defect reaches the heaters. It is believed that the atom source performance can

be further improved by optimizing surface passivation and barrier layers to the source

material. For example silicon oxynitride has also been proposed as an effective barrier

layer between aluminum and alumina,(Guha et al., 2002) and platinum is a known

barrier metal for gold. Optimizing the alumina thickness has also been shown to have

a significant effect on the fracture strength of the barrier layer.(Baumert et al., 2011)

Best performance is obtained by placing the source material only on the plates and

keeping the heaters clean: (1) a metal film deposited on both heaters and plate may

short out the applied current as the resistance of the heater is much greater than that

of the metal; (2) material on the heaters also acts as a thermal short, increasing the
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Figure 4·5: At high temperature the Al2O3 protection layer may de-
grade. a) A source plate actuated with 100 ms pulses. The power was
slowly ramped up and above 8.75 mW the pitting appeared in the cen-
ter of the source plate. Such defect will allow material to diffuse into
polysilicon thus destroy the source. b) A failed source loaded with gold.
When pulsed with high power (∼ 9.0 mW) gold made contact with sil-
icon though the defect of Al2O3 layer. The alloying can be seen in the
SEM image.

power consumption and reducing control as the amount of material changes during

an evaporation; (3) It has been observed that the metal-loaded heaters tend to fail at

lower powers than the metal-free ones. A possible explanation for the third problem

could be the failure of the Al2O3 protection layer. As previously studied,(Baumert

et al., 2011) the subcritical cracking of alumina due to thermal expansion of the spring

may expose the underlying polysilicon to the metal. As the heaters experience the

greatest thermal strains, it can be expected that protecting them from chemical attack

will enhance the device performance. To solve these problems, an overhanging, self-

assembling, shadow mask structure that is elevated ∼ 10 µm above the source plate

by a set of bimorphs was incorporated. During a PVD procedure to load materials

onto the source, the mask keeps the material off of the heaters.
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4.3.3 Evaporation monitoring using the mass sensor

To detect the small number of atoms provided by these sources, a special mass de-

tector is required with a resolution orders of magnitude higher than conventional

film thickness monitors. The mass sensor we developed and introduced in chapter 3

is suitable for this task. The specific design we used for micro evaporation moni-

toring has a frequency of ∼ 84 kHz and a quality factor Q ranging between 10 000

and 250 000 at room temperature, depending on the drive parameters. It is found

that at cryogenic temperature the quality factor is even enhanced. During a micro-

evaporation the mass transferred from the source to the resonator increases the mass

of the oscillating plate and shifts its resonant frequency. The springs of the resonator

are covered by a shield to prevent material landing on the springs which would affect

the spring stiffness during metal deposition. The deposited mass is calculated using

the calibration data as discussed in section 3.5. For the rest of this chapter, all sub-

sequent errors of mass deposition given do not include the systematic error limited

by the calibration inaccuracy of the film thickness monitor and are only accurate as

relative errors resulting from subsequent measurement uncertainties.

To test the micro-evaporator, the resonator and the loaded source are wire-bonded

to two separate ceramic sockets and placed facing each other at a distance of ∼

1 mm. Mass emitted from the source will impact the resonator, causing a frequency

shift that can be continuously monitored, as is the case for standard macroscopic

deposition monitors. Such a setup is convenient to study the behavior of the material

being thermally evaporated from the source, and was used for most experiments

described throughout the rest of this thesis. For example, Figure 4·6 shows the

results of the evaporation from 11 sources, each loaded with ∼ 140 nm of silver. The

evaporation was done at room temperature and each source was heated until all metal
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Figure 4·6: Silver evaporation from an array of sources at room tem-
perature. The source was loaded with ∼ 140 nm of silver prior to use.
11 voltage pulses were applied sequentially to the 11 source elements
of the array. The pulse duration ranged from 9 to 90 s. A single res-
onator constantly monitored the mass flux. The total frequency shift
was (67.5± 0.5) Hz, corresponding to a mass loading of (338± 3) pg.

was evaporated. Hence, each frequency step is of roughly equal size. Distribution

of individual sources in the array accounts for the small variation of the frequency

step, which will be discussed later. From the first four pulses it can be seen that

increasing the power produces a higher evaporation rate as a result of the higher

plate temperature. Therefore the evaporation rate can be regulated by the applied

voltage. For the 5th and 11th pulse the power is so high that all the material is emitted

within the integral time of the resonance frequency measurement. The total frequency

shift induced by mass loading from all 11 sources was (67.5± 0.5) Hz, corresponding

to a mass transfer of (338± 3) pg.

The atom sources can be actuated using pulse width modulation (PWM) tech-

niques. Due to the exponential term in the Clausius-Clapeyron equation, control-

ling the evaporation rate by tuning the temperature is difficult (not only is the

temperature- power relation non-linear, the evaporation flux is exponentially depen-

dent on the reciprocal of temperature). To obtain a linear control, PWM techniques
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are used. If the mass transfer of a certain power is well calibrated, one can control

the total amount of mass transferred by tuning the width and number of pulses. This

effectively linearizes the control of the sources. Furthermore, by adjusting the duty

cycle, the time-averaged power generation is well constrained and the system is en-

sured to return to equilibrium after each pulse. The above operation is based on the

assumption that the pulse width is significantly longer than the thermal response time

of the source. If not, the source will no longer be able to reach equilibrium during

the pulse. For short-pulse mode, one can overdrive the source with very high power

which will generate a short hot spot and induce a burst of mass emission. According

to Equation 4.1 and Equation 4.2, a slightly higher temperature will induce a much

faster evaporation rate. Hence the power consumption per emitted atom will be low,

minimizing unwanted heating to the system. This non-equilibrium pulsing is in the

non-linear regime and the emitted mass will no longer be proportional to the pulse

width. This effect can be seen in Figure 4·8 b).

Shown in Figure 4·7 a) and b) are such experiments done at low temperatures

(∼ 3 K) in a specially designed, closed cycle, low vibration cryostat. Low temperatures

improve the Q factor of the resonator and enhance its sensitivity. In Figure 4·7 a) the

mass transfer from five power pulses on a single source element are depicted. Each

pulse has an amplitude of 6.36 mW and a width of 100 ms, causing a (21± 1) mHz

shift in frequency for a mass transfer of (105± 5) fg per pulse. The measurement

showed that the resistance and power remain constant during each pulse, and the

small variations on mass transfer are believed to be caused by the projected surface

area shrinking effect, which will be discussed in subsection 4.4.4. The overshoot seen

in the frequency shift after each pulse (as shown in the inset of Figure 4·7 a)) may be

explained by heating of the resonator due to the power pulse. There are three main

energy transfer mechanisms: (1) the kinetic energy from the emitted atoms (
3

2
NkBT ,
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Figure 4·7: a) Indium evaporation in a cryostat at low temperatures
(∼ 3 K). The source was loaded with ∼ 120 nm of indium prior to use.
Five pulses of 6.36 mW, each lasting 100 ms followed by a 50 second
wait time resulted in five bursts of atoms. Each mass transfer cor-
responded to a (21± 1) mHz frequency shift or (105± 5) fg of indium
deposited on the resonator. The inset shows the details of a frequency
step. b) By pulsing the source many times and measuring the cumula-
tive effect of mass loading, lower deposition rates, below the resonators
resolution can be detected. Shown here is the frequency shift (after
background subtraction) resulting from 500 pulses, each 6.0 mW last-
ing 10 ms. The wait time between each pulse is 5 s. The linear fit of
(−1.573± 0.107)× 10−5 Hz per pulse corresponds to a mass transfer of
(0.079± 0.006) fg per pulse.
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kB is the Boltzmann constant, N is the total number of emitting atoms, T is the

temperature of the evaporant), on the order of 10−7 J, (2) the black body radiation

energy (
∫
AεσT 4 dt, σ is the Stefan-Boltzmann constant, ε is the emissivity, A is the

area of the source), on the order of 10−5 J, (3) the rest of the power which heats the

whole packaging through thermal conduction, on the order of 10−3 J. Measurements

(not shown) suggest that the temperature spike of the resonator never exceeds ∼ 2 K

(averaging over the response time of the resonator).

For smaller mass transfers, shorter pulses or lower powers are required. Due to the

thermal coupling and associated drift of the mass sensor with the source, best results

have been obtained by reducing the pulse time and increasing the applied power.

The exponential atom flux given by the Hertz-Knudsen equation favors short, high

power pulses to maximize mass transfer while minimizing the heat transferred to the

sensor. For such very small mass pulses, the noise in the resonator is such that we

can no longer detect individual pulses. However, by using a large number of repeated

pulses and detecting the cumulative change, one can deduce the mass transfer of a

single pulse. Figure 4·7 b) shows the frequency shift during 500 pulses, each 6.0 mW,

10 ms long and 5 s apart. Due to the long duty cycle the time-averaged power is

12 µW, far less than needed to raise the temperature of the cryostat. The total

frequency shift for 500 pulses was (7.86± 0.54) mHz. A fit shows that the frequency

shift exhibits high linearity during 500 pulses, therefore it can be estimated that for

each pulse the deposition on the resonator is (0.079± 0.006) fg, which is equivalent

to 4.14± 0.32× 105 indium atoms deposited on the mass sensors 172 µm × 172 µm

sensing plate. These atoms land on the surface at random locations with a surface

density on the order of ten atoms per square micron. From a statistical point of

view, at the above deposition density, a 300 nm× 300 nm area will have one atom on

average deposited for each pulse. Hence when a MEMS writer plate with submicron
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apertures is present, single atom deposition at a desired location is stochastically

achieved. Figure 4·8 summarizes the mass transfers measured for different materials,

evaporation parameters and the total mass deposited. Table 4.1 lists parameters of

various evaporations. Two data points on the top-right of Figure 4·8 a) represent the

mass transferred from 11 sources of an array, with a total mass loading of (916± 4) pg,

demonstrating the maximum material deposition available using this particular array.

The data point on the lower-left is the mass loading of (0.079± 0.006) fg from a single

10 ms pulse, which is the smallest that we have measured so far. This demonstrates

that such a source array can controllably “puff off” atoms over a seven orders of

magnitude. Based on various applications, we have a selection of devices (not shown)

with sizes ranging from 10 µm×10 µm single source to an array of 128 100 µm×100 µm

sources covering an entire 2.5 mm × 2.5 mm die. An array of 36 100 µm × 100 µm

sources loaded with ∼ 500 nm of Pb has been evaporated to depletion, resulting in a

total frequency shift exceeding 2 kHz for the mass sensor, corresponding to a ∼ 30 nm

thick film, which is an order of magnitude more than the deposition from a typical

12 50 µm× 50 µm source array.
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Figure 4·8: A summary of representative evaporations using the
50 µm × 50 µm sources, showing the seven orders of magnitude mass
deposition range we have measured. a) The mass loading on the res-
onator versus the total heat generated on the source is plotted. The
power was either precisely pulsed (with its width noted beside the data
point), or remained on until the source was depleted. b) The plot shows
the evaporation of indium when pulsed with different widths and volt-
ages at cryogenic temperature (∼ 3 K). For faster pulses (width shorter
than 50 ms) of same power the mass flux does not scale linearly with
pulse width. This is a result of the thermal response time of the sources
being comparable to the pulse widths.
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Metal

Metal
Thick-
ness
[nm]

Source
Thick-
ness
[µm]

Base
Temper-

ature
[K]

Pulsed
Power
[mW]

Pulse
Width
[ms]

Source
Resistance

(during
pulse) [Ω]

Heat Input
[J]

Frequency Shift
[mHz]

Ag 60 1.5 300 6.39 52 000 3175 332 3340± 33

Pb 120 1.5 300 3.10 29 000 1289 90.0 2630± 70

Au 100 2.0 300 4.69 436 000 1350 2020 390± 36

Fe 25 2.0 300 4.49 67 000 1507 301 59± 9

Al 100 2.0 300 4.10 13 000 1290 53.3 132± 6

Cu 50 2.0 300 7.59 100 960 0.759 169± 10

Sn 50 1.5 300 2.88 472 000 2167 1360 742± 21

In 60 1.5 300 3.84 5000 2662 19.2 2945± 75

In 150 1.5 300 3.04 53 000 3370 161 8099± 123

In 120 1.5 3 5.98 10 1931 0.0598 0.0157± 0.0011

In 120 1.5 3 5.79 20 1997 0.116 0.221± 0.048

In 120 1.5 3 6.01 100 2036 0.601 1.39± 0.08

Table 4.1: Parameters of typical evaporations of different materials, using the 50 µm × 50 µm sources.
Two variations of the source with the plate on either POLY1 or POLY2 were used. The data is also plotted
in Figure 4·8.
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4.4 Thermal transient properties and emission geometry

4.4.1 Thermal response during a pulse

In order to better understand the thermal response of the source during a pulse, the

transient heating curve of the source was measured. For a 100 ms voltage pulse, the

actual output voltage and corresponding current across the source were measured

every 10 µs. Given that the polysilicon resistivity monotonically increases with tem-

perature,(Geisberger et al., 2003) the ramp up speed of the resistance reflects how

fast the temperature can respond to a pulse. Such a measurement shows that the

settling time, i.e. the 10%− 90% rise time, for a typical pulse is less than 5 ms. The

effect of the settling time can be seen in Figure 4·8 b), where, for shorter pulses (less

than 50 ms), the evaporated mass does not scale with the pulse width because the

source never reaches its equilibrium temperature during a short pulse. The heating

curve is also affected by the thermal properties of the loaded material, which adds to

the heat capacity of the system. Moreover, if the final source temperature is above

the melting point, the phase transition of melting will consume some input power

to account for the latent heat. Given that the temperature of a material will stay

constant when the phase transition is taking place, one can expect a short duration

of constant temperature, which is equal to the melting point of the loaded material,

on the rising and falling edge of the pulse. This phase transition has been observed

in both simulations and experiments, which will be discussed in detail in subsec-

tion 4.4.2. Figure 4·9 shows the resistance measurements during a pulse of a source

loaded with silver. Details of the rising edge are plotted in the inset. What can be

seen is a flat segment that delays the exponential thermal relaxation to the steady

state of the system. The segment has a duration of 10.07 ms, and is the result of

phase transition during which the temperature remains at the melting point of silver
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(1235 K). This adds a calibration point that can be used to estimate the working

temperature of the source plate based on its resistance.

Figure 4·9: Shown is the real-time resistance measurement of a source
loaded with silver, on the rising edge of a 100 ms, 6.73 V pulse. The
resistance exponentially approaches the equilibrium value as the source
thermalizes. The two exponential fit curves (in green and red) demon-
strate the thermalization of the source plate before and after the melt-
ing. The flat segment shown in the inset has duration of 10.07 ms,
corresponding to time during which the material is melting. During
this time the power difference between joule heating and dissipation is
consumed by the latent heat of silver.

4.4.2 Using the micro source as a calorimeter

The resistance measurement on the source during a pulse provides important infor-

mation about the thermal properties of the source and the material on it. When

the source is being pulsed, heat is generated in the heaters and flows to the source

plate. The elevated temperature will cause an increase in the resistance, described

in (Mastrangelo et al., 1992). For a voltage biased system the rising resistance will

reduce the power, where a current bias may lead to runaway heating. Eventually, the
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source will reach equilibrium and the temperature and resistance remain constant, as

the power generated from joule heating is equal to the total heat dissipation through

radiation and thermal conduction to the anchor. Given the fact that the resistance

monotonically increases with temperature (within the range we are interested in), the

resistance can be used as a scale of the temperature. By pulsing the source many

times with different voltages, one can map out the relationship between equilibrium

power and resistance. The heat dissipation at a given resistance can then be ex-

trapolated from the measured power-resistance data. The power-resistance relation

is plotted in Figure 4·10 and a linear fitting describes the relationship well within

the range we care about. As discussed in the previous subsection, the silver melting

effect emerges when the pulsed voltage reaches around 6.7 V. Figure 4·11 plotted the

resistance on the rising edges of three different voltages pulses. What can be seen is

that for 6680 mV there is no melting-induced resistance plateau on the curve, while

for slightly higher pulses at 6730 mV and 6780 mV the plateau appears. For the two

higher voltage pulses, the power is sufficient for the source to reach the melting tem-

perature of the loaded silver. As it melts the material will consume heat and undergo

a phase transition (this is the latent heat of melting). This power drain will prevent

the temperature of the whole source plate from increasing, until the melting is com-

pleted. After the melting procedure finished, the resistance will resume ramping up

until equilibrium is reached. The total thermal energy absorbed by the silver is equal

to the product of its mass and its latent heat per unit mass. This must be equal

to the time integral of power difference between heat generated from joule heating

(power in) and the heat dissipation (power out) which can be estimated from the

source resistance using the fitting line in Figure 4·10.

PAg = Pjoule − Pdissipation =
V 2
pulse

R
− Pdissipation (R) (4.3)
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Figure 4·10: Measured power-resistance data at equilibrium, when the
applied power is equal to total dissipation. A fit suggests an empirical
linear relationship between heat dissipation and source resistance.

where PAg is the power consumption of silver melting. Once melting finishes and the

equilibrium is established again, the heating power will be equal to the dissipation:

Pdissipation (Req) =
V 2
pulse

Req

(4.4)

Recalling that the dissipation is linearly related to the resistance, this will lead to:

PAg = V 2
pulse

(
1

R
− 1

Req

)
+ b (Req −R) (4.5)

where b is the slope of the linear fit on the heat dissipation data in Figure 4·10, and

b ≈ (1.08± 0.01)× 10−5 W/Ω. Here we assume that the linear relationship between

dissipation and resistance remains during the phase transition of the loaded material

because as discussed in subsection 4.3.3 thermal conduction through the polysilicon

heaters is the dominated mode of dissipation and will not be affected by the state of
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Figure 4·11: Resistance plots on the rising edges of three pulses at
different voltages. At 6680 mV no melting is observed, while at 6730 mV
and 6780 mV the melting-induced resistance plateau is clearly visible.
The 6780 mV pulse has a shorter melting duration since it provides
more power that can be consumed by material melting.

loaded material. Therefore, by integrating both sides over time, we get:

mAgQAg =

∫ [
V 2
pulse

(
1

R
− 1

Req

)
+ b (Req −R)

]
dt (4.6)

QAg is the specific latent heat of silver melting. The mass of material mAg can be cal-

culated based on its thickness and the receiving area of the source plate. The integral

on the right can be computed from the resistance data in Figure 4·11. By performing

this calculation on the data from 6730 mV pulse, the latent heat is estimated to be

(70± 20) kJ/kg, in agreement with the accepted value 88 kJ/kg. This result validates

the hypothesis of material melting and the discrepancy of the latent heat value can

be explained by the uncertainty of the material mass, which is calculated from the

film thickness and density. This result also suggests that the source can be used as a

micro calorimeter. Compared to a specifically designed micro calorimeter with similar
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structure,(Poran et al., 2014) our device measures the latent heat of melting without

the requirement of a calibrated temperature measurement, by exploiting the observed

linear relation between dissipation power and source resistance. The time delay due

to the latent heat is only relevant when the final temperature of the source is slightly

above the melting point of the material.

Figure 4·12: The FEM simulation shows a similar constant tempera-
ture plateau as in the measurement data. The x-axis for the simulation
is shifted to match the time of melting. Before and after the melting
time, the resistance exponentially approaches the equilibrium value.

This phenomenon is observed in a FEM simulation as well, which is shown in

Figure 4·12. The finite element simulation was matched to the experiment by adjust-

ing the material properties of the polysilicon. As a baseline the following parameters

were used: The temperature dependent resistivity was measured by (Imboden et al.,

2014a) and (Geisberger et al., 2003), specifically for PolyMUMPs polysilicon; the

thermal conductivity was taken from (Geisberger et al., 2003) and (McConnell et al.,

2001); (Desai, 1986) and (Okada and Tokumaru, 1984) contain data for the heat

capacity and coefficient of thermal expansion of silicon. The temperature range of
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interest exceeds the range documented in the references, hence for 800 K to 1500 K,

the resistivity and thermal conductivity have been extrapolated based on the lower

temperature measurements. It is assumed that the heat capacity of silicon is a good

approximation to the doped polysilicon used in our experiments, this may not be an

accurate assumption as the time axis had to be shifted for the simulation to match

the experiment, indicating a higher than expected heat capacity. As measured by

MEMSCAP(MEMSCAP, ), the electrical conductivity can change considerable from

run to run, so it should be assumed that the charge carriers will also affect the thermal

conductivity.

Differences between the experimental response and simulations are expected, es-

pecially as the material properties are not known very precisely. To match both, the

electrical and thermal conductivity were adjusted. The melting point of silver was

used as a calibration value. It is known experimentally how much power must be

applied to heat the samples. The plateau is an excellent indication of the sample

temperature. In order for the simulation and experiment to match, the electrical re-

sistivity was scaled by 5.3% (for all temperature values) and the thermal conductivity

was increased by a factor of 1.967. The resulting agreement can be seen in Figure 4·12.

The electrical resistivity was scaled so that the simulation and experiment matched

at the melting point of silver. The thermal conductivity was matched so that the

total thermal energy dissipation matched the power input used in the experiment.

The melting time of the silver is very sensitive to these properties, the qualitative

agreement is however easily recovered. The correction factor of the electrical resistiv-

ity is small and well within the variations expected from the PolyMUMSs fabrication

runs. The relatively large correction of the thermal conductivity needed to match

the simulations to the data is less easily explained. A possible contribution may be

due to the impurities in the polysilicon structure including Al2O3 and the deposition
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material.

4.4.3 Spatial distribution of the mass emission

The spatial distribution of the mass evaporated from the source was also measured,

so that the thickness profile of the deposited thin film can be estimated. This can be

achieved by varying the detector position and emitting the same amount of material

for each point. By evaporating each source element of a uniformly loaded source

array to depletion, each evaporation emits the same amount of mass. The in-plane

position variation among source elements within the array are ignored because they

are small (< 150 µm) compared to the scanning range in x (10 mm) and the gap

distance d (1.21 mm). The layout is shown in the inset of Figure 4·13. Measurements

were carried out by scanning the resonator parallel to the source plane, to obtain the

zenith angle distribution of the deposited mass. The protective shadow mask was

removed prior to the evaporation to prevent shielding of the flux. Results are plotted

in Figure 4·13, with each data point representing a frequency shift for a completely

depleted source. The mass flux from an evaporation source (size of the source �

distance from the source to the target) has a zenith angle distribution of

Φ = Φ0 cosm(θ) (4.7)

where Φ0 is the maximum flux at θ = 0. It can be shown that for a sphere source

m = 0, while for a flat surface source m = 1. Considering the configuration shown in

the inset of Figure 4·13, by taking the geometry and the resonator orientation into

account, and neglecting the finite size of the resonator (172 µm� d = 1.21 mm) the

frequency shift will have the following form:
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f =
f0((

x− x0
d

)2

+ 1

)n+1 (4.8)

where n = 0.5 for a spherical source and n = 1 for a flat surface source. f0 is the

maximum possible frequency shift occurring at x = x0. A fit of this curve to the 11

data points on the plot yields n = 0.577± 0.001. The n shows a distribution pattern

between sphere model and flat surface model, because the metal films on the sources

tend to ball up and form many small islands (will be discussed in the next subsection),

which are not exact spherical source or flat surface source. Depending on the material,

surface treatment and thermal pulse power, the morphology of the material may be

different. For example some material may stay solid and sublime at lower temperature

while it melts and then evaporates at higher temperature. Due to the surface tension,

solid state and liquid state exhibit very different surface morphology. As a result

repeating the above measurement does not yield the same n every time.

4.4.4 Morphology of evaporating metal on the source

The evaporation process has been imaged in real-time using SEM. In such an ex-

periment, the sources were loaded with a desired metal and actuated inside an SEM

chamber. The source plates were then pulsed hundreds of times while the SEM took

an image after each pulse. Figure 4·14 shows selected images from the data set of a

source loaded initially with 150 nm of silver. In this experiment the source element

was pulsed 230 times. Pulses started at 1 V and were incremented by 10 mV each time

until the maximum pulse amplitude of 3.3 V was reached, by when all source material

had evaporated. It can be seen that as the power increases the silver film changed

its roughness, then melted and balled up, and eventually evaporated to depletion.

In a common setup the target is facing the source with both surface in parallel, and
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Figure 4·13: The frequency shift measured at different angles, map-
ping out the distribution of material from a source. Each data point
corresponds to equal amount of the material from a single source. The
inset shows the configuration of the source and the resonator. The
resonator is shifted parallel along the x-axis for each measurement.

the sizes of both target and source are relatively small compared to their distance,

so that we only care about the deposition flux in the normal direction of the target

plane. The deposition flux on the target is proportional to the projected area of the

evaporants surface in the normal direction. As the material gets evaporated off, the

morphology changes and the surface area shrinks. This effect can be seen in the SEM

images taken as described above. We care about the flux at the normal direction of

the target plane, which is proportional to the projected surface area of silver on the

2D plane parallel to the source plate. This is exactly what has been captured in the

SEM images.

The projected surface area can be quantitatively estimated by utilizing an image

processing algorithm on the SEM images. The evaporant and polysilicon plate have

very different contrasts as viewed in an SEM. Hence the sum of gray scale value of each
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Figure 4·14: A source loaded with 150 nm of silver was pulsed 230
times. Pulse amplitudes were swept from 1 V to 3.3 V in 10 mV in-
crements. a) Six SEM images during the pulses. Before pulsing, the
source was covered uniformly with silver. As the pulse power increased
silver started to melt and evaporate, resulting in a decrease of projected
surface area. Eventually all silver is depleted. b) The resistance of the
source increased at higher temperature resulting from higher pulse pow-
ers. The projected surface area covered by silver was determined using
the intensity of the SEM images and is plotted on the same graph.

pixel within the source plate area provides a measure of how much area of the source

plate is covered by metal. Figure 4·15 shows the pixel values of a silver grain and its

surrounding area of bare polysilicon source plate. The images contrast and brightness
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have been adjusted so that metal and polysilicon can be better distinguished. For a

given image during the evaporation, the summation over the plate is subtracted by

the image of an empty source plate as a background. The value is then normalized to

a range from 0 to 1, by setting the first image when entire plate is uniformly covered

to be 1. This normalized value can be regarded as a relative projected area of the

evaporant. It should be noted again that this measure can only map out the surface

area projected on the normal direction, while not counting the area of the curved

side wall of the metal grain resulting from dewetting. However, since the target

is typically placed facing the normal direction of the source, the projected surface

area is an accurate measure to estimate the evaporation flux in this direction. For a

constant temperature, the deposition flux in the normal direction of the target plane

is proportional to the surface area of the evaporant projected onto that direction.

4.5 Conclusion

We have shown solid state atom sources with potential uses for novel nano-fabrication

applications. One can tile a silicon substrate with sources ranging in area from a few

square microns to 1 000 000 square microns and have many different materials pre-

positioned on the sources. Using PWM techniques, one can turn any of the sources on

or off at will and control the mass emission over many orders of magnitude. A possible

application might be producing nano-alloys with a controllable composition by having

two sources with two different materials evaporating simultaneously and adjusting

each sources rate independently. The flexibility of having multiple sources working

together also enables the fabrication of stacks of monolayers of different materials

by alternatively depositing monolayers from different sources. Such a system may

allow for nanoscale phase spread studies(He and Ma, 2001) and nanoscale multilayer
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Figure 4·15: SEM image of a source evaporating Indium. Upon melt-
ing the metal balled up to many small grains and the projected surface
area is measured by summing up the pixel values. The bottom figure
shows the pixel values are for a very small region containing a single
metal grain.

structure research.(Schmitt et al., 1997)

In conclusion, we have described solid state atom sources that let us deposit metals

on a target 1 mm away at densities ranging from ten atoms per square micron to over

a hundred monolayers, a range of roughly eight orders of magnitude. Since the evap-

oration rate scales as the plate area, it can be imagined that by placing sources with

various sizes together and having a more sensitive mass sensor, controlling the mass
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deposition over a range of approximately ten orders of magnitude appears feasible.

These sources can be used in cooperation with the Atomic Calligraphy technologies,

which provide a way to directly pattern the structures as the atoms are being puffed

off the plates. With a sub-micron aperture, single atom deposition is feasible. With

many apertures in the plates and many sources, arrays of structures can be written

in parallel, significantly increasing the throughput of the system. With the Atomic

Calligraphy devices, we are in essence doing additive manufacturing at the nanoscale.

Moreover, the dimension of the source and its ultra-low power consumption make it

suitable to be integrated into a cryogenic system without significantly increasing the

base temperature. It will be shown in the next chapter that high-quality quench-

condensed thin film with very precise thickness control, which are of great interest to

condensed matter physics research, can be fabricated using the micro source. Man-

ufactured in a standardized foundry, these devices can economically and easily be

brought into mass production. We believe such sources, with their flexibility and pre-

cision, will become powerful tools for nano-fabrication or even nano-manufacturing.



Chapter 5

Quench Condensed Superconducting Thin

Films

5.1 Overview: Superconductivity of thin films

Quench-condensed superconducting metallic thin films has been extensively studied.

Different metals quench-condensed on various types of substrate usually exhibit quite

different film morphologies and transport properties (Haviland et al., 1989)(Danilov

et al., 1995). For example, as a well-studied metal, lead (Pb) tends to form granular

crystalline islands when quench-condensed on passivated substrate. (Frydman et al.,

2002) Those Pb islands have a percolation effect that very thin films are insulating

while beyond a certain thickness threshold the film becomes conductive. This is be-

cause that when more materials get deposited, the average gap size among Pb islands

decreases and conductivity is achieved when grains finally connect. Such an ordered

granular film also exhibits different superconductive properties than a disordered or

amorphous thin film (Frydman, 2003). In order to obtain ultra-thin uniform disor-

dered films, the vapor deposition method usually requires a special under-layer on

the substrate, like a few angstroms of Ge, which has been used to improve the ho-

mogeneity of deposited films for decades (Haviland et al., 1989)(Logeeswaran et al.,

2009). However, the role of Ge atoms when current is flowing in the superconducting

films is not completely clear so it is crucial if quench condensation of continuous and

homogeneous superconducting thin films on common passivated substrates like silicon

99
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nitride (SiN) can be achieved.

In this chapter, a MEMS approach for quench-condensing superconducting thin

films is discussed. It will be shown that by using the micro evaporation sources one

gains many advantages over the conventional vapor deposition method. A target

die based on the same PolyMUMPs process is designed as a substrate for supercon-

ducting thin film deposition and in-situ measurement. By assembling the source die

and the target die together and mounting them onto a cryostat, one builds a mini

cryogenic chamber for ultra-clean quench condensation and in-situ transport experi-

ments, which forms a fully functioning Fab-on-a-chip. Superconductive material like

lead (Pb) has been deposited using this setup and several experiments are performed

on the quench-condensed Pb thin films. Due to the nature that we are conducting

quench condensation in a microscopic manner, the continuity and homogeneity of the

thin films quench condensed on a passivated substrate have been greatly improved

than those obtained using the conventional vapor deposition technique. We will show

that our approach outperforms the macroscopic method in many other aspects as

well.

5.2 Device: Quench-condensing thin films with the MEMS

approach

5.2.1 Micro source array for quench condensation

In chapter 4, the development of a novel microscopic thermal evaporator is discussed,

which is a perfect fit for quench condensation of superconducting thin films. First

of all, the micro evaporation sources are very small in size, which means that they

consume much less power than conventional coil sources. This is crucial for cryogenic

environments because eventually all the heat generated have to be dissipated into

the helium cooling system, which doesn’t favor excessive heat. On the other hand,
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this also helps to keep the fluctuation of the base temperature at a minimum, so

that the deposition target stays at a lower temperature which is beneficial for quench

condensation. Of course less heat usually means less atoms throughput. However by

utilizing the pulse width modulation techniques and taking Hertz-Knudsen equation

Equation 4.1 and Clausius-Clapeyron equation Equation 4.2 into consideration, one

can make full use of the pulsed heat to emit more atoms per unit heat generated.

This is made possible because of the fast thermal response of the source due to the

serpentine heaters’ miniature dimensions, while the conventional coil source usually

experiences a huge lag when heated or cooled. Although micro sources usually have

much less load than macroscopic ones thus they are not suitable for fabrication of

thick structures, the regime we are interested in for superconducting thin film study

is in the order of a few angstroms to a few tens of nanometers, which are within

the capacity of the micro sources. Secondly, the MEMS approach has a more precise

control over the deposition process. The pulse width modulation technique provides

a way to precisely adjust the amount of atoms during each emission. As has been

demonstrated in subsection 4.3.3, the smallest single evaporation measured so far is

on the order of ten atoms per square micron for the surface atomic density. This

means that even tiny thickness effect on superconductors can be easily measured.

The accuracy and high precision of the source is ensured by the mass sensor. A mass

sensor constantly monitors the thickness of the deposited thin film during the quench

condensation and provides feedback to the control unit therefore the deposition rate

and final thickness can be arbitrarily determined, with a much higher resolution than

the conventional crystal thickness monitor. With the help of pulse actuation and high-

resolution mass sensor, one can use many small pulses distributed within a very long

period to grow the superconducting thin film much slower than what the conventional

method can do. By doing so, each emission of atoms only contains very few atoms
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and the total thermal energy carried by them is low, meaning that the atoms will tend

to stay fixed on the cold substrate and eventually form a disordered superconducting

thin film, even without the help of a Ge sticking layer. We will show and discuss

the experiment evidence later in this chapter. Last but not least, many transport

experiments on superconducting films involve more than one element. this can be

achieved by using the micro source array. By loading different areas of the source

array with the aid of shadow masks, one can build a multi-element evaporator in a

single chip. This enables the fabrication of nanoscale multi-layer or alloy thin films.

By having an ultra-fast shutter similar to the one shown in subsection 2.2.3, the setup

has the potential to even place single atom impurity on the deposited disordered film,

where quantum effect may be observed (Woolf and Reif, 1965).

Figure 5·1: The optical microscopic image of the source array designed
for superconducting thin film fabrication. Each source element has a
dimension of 100 µm × 100 µm. The bonding pads are arranged along
the edge of the die. 500 nm of Pb has been loaded onto the source array
using a thermal evaporator.

Shown in Figure 5·1 is the micro evaporation source array specifically designed for



103

the superconducting thin film deposition application. Unlike the sources discussed

in chapter 4, these source plates made from POLY2 have a dimension of 100 µm ×

100 µm. Just as the previous design, each of the source plate is also suspended by two

serpentine springs as heaters. Four source elements are bundled into a 2×2 array as a

source group, electrically in parallel. The entire 2.5 mm×2.5 mm sub-die is tiled with

5 rows and 6 columns of the source group, making the total number of source plates

120 and the total available evaporation surface area 1.2 mm2. Each source group has

its own bonding pad and all bonding pads are arranged along the edge of the sub-die

for the ease of making bonds and also to make the bonding wire not block the way

of the emitted atoms. Wiring is properly done using gold coated POLY2 bridges to

minimize the resistance along the wire so that most heat generation is concentrated on

the spring heaters. All sources share the same electrical ground and when conducting

the evaporation, all sources plates in use are actuated in parallel, which is important

because sources are heated using voltage pulses. Hence for each pulse all sources have

a same voltage applied across them and every individual source is independent from

others. The advantage is that if one or some of the sources are burnt, the rest will not

be affected and can still work normally. By adjusting the pulse voltage precisely, one

can change the temperature of all source plates during the pulse thus the deposition

rate, which is monitored by the mass sensor. Desired metal is loaded onto the sample

using conventional e-beam or thermal evaporators. In principle for such a tightly tiled

source die there is no room to integrate the bimorph-supported polysilicon shadow

mask to keep the spring heaters clear from evaporants. This means that for some

materials which require high evaporation temperature the source may fail due to

the reaction occurs on the hot heaters. However, many material we are interested

in, for example Pb, can be evaporated at an acceptable rate with a relatively low

temperature that doesn’t break the Al2O3 protection layer. Experiments also show
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that for Pb a shadow mask is not even needed to protect the bonding pad. It is

presumed that metal loaded onto the entire source die surface may create a shortcut

from pad to pad. This has been observed that the typical initial resistance of a source

group loaded with 500 nm of Pb at a voltage of 0.1 V is a few Ω, indicating a short

across the source. When the pulse voltage is increased to around 1 V, the resistance

will abruptly shoot up to a few hundreds of Ω, and stay high even the voltage is

lowered again. This is because that when the Pb film is shorting the current, a lot

of heat is generated inside the Pb film, especially on the region above the springs

where the film is the narrowest. The heat will first melt a small area of Pb locally

on the spring and the surface tension will pull the molten Pb apart to break the

circuit. At that time the Pb film is open so the current will have to flow along the

polysilicon structure, bringing the source back to the normal working state. This is

why the irreversible resistance shoot-up is observed. At the point when Pb melts, its

vapor pressure is still very low, thus there is almost no Pb atoms evaporated off of

the spring when the melting occurs. However, for some materials with high melting

point, it will be very difficult to use this method to break the shorting circuit therefore

a shadow mask may be desirable to keep the loaded material away from the bonding

pads. Thanks to the Al2O3 protection layer, as long as the loaded material does not

make direct contact to the gold bond ball, it will not short the source plate.

5.2.2 The quench condensation target

A target die based on the same PolyMUMPs process is used as the substrate for

quench condensation of superconducting thin films. This provides several major ad-

vantages: 1) The native SiN layer is known to be a smooth and homogeneous pas-

sivated substrate, which is suitable for ultra-thin films to be deposited on; 2) The

native gold and its smooth transition onto the SiN layer provides excellent electri-
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cal contact for resistivity measurement; 3) On-chip MEMS sensors including mass

sensors or thermometers can be easily integrated to monitor the deposition process

for enhanced precision and control; 4) Micro polysilicon structures and actuators can

be used to better define the film geometry or enable multi-step fabrication to build

complex superconducting 2D circuit. By making the target small and comparable to

the source chip, one builds a micro thermal evaporation chamber which easily fits in

a cryogenic environment.

Figure 5·2: AFM measurement is carried out on the surface of the
thinned nitride and quench condensed Pb film. A shadow mask is used
to define an area for Pb quench condensation within the thinned ni-
tride. The blurry edge between bare SiN and Pb film is the penumbra
effect due to the finite size of the source array. a) A 2D colored topo-
graphic map of the sample along the edge of Pb deposition area. b)
The corresponding 3D topographic map. c) and d) show the profile
plot along the lines depicted in a).
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The silicon nitride substrate

The native silicon nitride layer of PolyMUMPs process has a thickness of 600 nm,

and is deposited by LPCVD (low pressure chemical vapor deposition) (Cowen et al.,

2011). AFM and SEM measurements show that it has a much smoother surface than

the polysilicon structure. By having the DIMPLE and P1 P2 VIA overlapped on

top of the nitride substrate during the design time, the process opens an area on

both OXIDE1 and OXIDE2 to expose the nitride for the final POLY2 etch and gold

deposition. Experiments show that this method thins the nitride layer and makes it

even more flat because of the RIE etching step acting on the nitride. The exposure of

nitride also makes it possible to deposit the native gold directly on the nitride to make

electrical contact to the film. The SiN layer morphology is studied using AFM, as

shown in Figure 5·2. Pb was quench condensed on this sample using a shadow mask so

that morphology study can be performed on both the SiN substrate and the Pb thin

film. However, due to the fact that in-situ AFM is not possible for our configuration,

the sample needs to be taken out of the cryostat thus the Pb film has been annealed

to room temperature and exposed to air. Figure 5·2 d) shows the profile plot along

the green dotted line in Figure 5·2 a) which is within the area of the bare nitride

substrate. It can be seen that the upper limit of fluctuation of the surface height is

within a few nanometers and the standard deviation of height along the profile line

is (1.2± 0.1) nm, indicating a very smooth substrate. The actual surface roughness

may be even better than what was measured, considering that the measurement only

reveals the upper limit due to the limited resolution of the AFM probe.

Making contact to the superconducting thin film

Transport measurements are performed on the quench condensed thin films to inves-

tigate its properties and conduct other experiments. The most common measurement
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is the resistivity measurement which is done using four-terminal sensing. In order to

get electrical access to the thin film, the native PolyMUMPs gold is deposited directly

onto the SiN substrate, through the opening made by DIMPLE and P1 P2 VIA su-

perposition. Shown in Figure 5·3 are SEM images of the gold electrodes deposited on

the SiN substrate. While 500 nm total thickness of the gold and a thin adhesion layer

is too thick for the superconducting film which may be only a few nanometers thick,

a tapered transition from the thick gold to the substrate is observed. The tapered

area is thin and at the very end of it there are many gold nano-particles, which sig-

nificantly increase the contact area to the thin film. As we will see later when actual

measurements are made, these fine structures enable us to make electrical connections

to the superconducting thin films.

Figure 5·3: SEM images of the gold electrode on the thinned SiN
substrate. There is a tapered transition from the gold to the substrate,
providing electrical connections to superconducting thin films.

On-chip MEMS sensor and actuators

A major advantage of using MEMS to conduct deposition is that micro sensors and

actuators can be used to better monitor and control the fabrication process. For

superconducting thin films deposition, a high resolution in-situ measurement of the

film thickness is usually required. Due to the size of a conventional crystal thickness
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monitor and the limited space inside a cryostat, using a conventional thickness mon-

itor is not always feasible. Furthermore, the precision of the conventional thickness

monitor is not adequate for thin film study, in which sub-monolayer resolution may

be needed. As a comparison, the miniature MEMS mass sensor can be integrated

onto the same chip and placed close to the target area, to achieve high resolution and

less discrepancy. Other sensors like MEMS thermometers are also available and fully

compatible with our MEMS target die. Micro structures or actuators are used to con-

trol the process and define the deposition geometry. MEMS shuttle plate can be used

to conduct static stencil deposition, while a comb drive actuated plate might be used

to perform dynamic stencil deposition, just like the Atomic Calligraphy described in

chapter 2. With all the technologies discussed here, a typical design of the deposition

target chip is shown in Figure 5·4. A mass sensor can be found on the left side of

Figure 5·4 a), close to the four-terminal sensing structure. The four-terminal sensing

is done through four gold electrodes with each connected to a gold contact pad for

bonding. All gold structures are directly deposited on the thinned SiN substrate for

continuity. POLY2 over-hanging wall is used to isolate electrodes so the current is

flowing only through the central area where a shuttle plate will stay. The way it works

is that during the design time a narrower ANCHOR2 line is placed along the center

line of the POLY2 strip so that after release the side of the wall extrudes out of the

support and is suspended in the mid-air. The cross section of the wall then has a T-

shape. When the deposition material is evaporated from the source, it gets deposited

on the target directionally and the over-hanging edge of the wall shadows the atomic

flux and makes the film discontinuous. Therefore the current will not flow across the

wall. The shuttle has a plate attached at the end and arbitrary shapes of opening

can be planned during design time, or FIBed during post-processing. The opening

defines the geometry of the resistivity measurement. Figure 5·4 a) and c) show that
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the shuttle is initially away from the central deposition area after release, while b)

and d) show that by using a probe station the shuttle plate is guided into the right

position that all four electrodes are inside the opening. Therefore the current can

only flow through the deposited film inside the designated area without shorting, due

to the POLY2 wall and the suspended arms of the shuttle. However, because of its

nature, a static stencil is not capable to fabricate patterns with holes in it. In order to

fabricate topologically more complex patterns, one can integrate the MEMS writer or

a 1D shutter which can be actuated and positioned during the quench condensation

to accomplish dynamic stencil fabrication.

Figure 5·4: SEM images of the thin film deposition target die. The
target features a mass sensor for thickness monitoring and a deposition
area with four-terminal sensing capability. The shuttle structure is used
to define the geometry of the measured thin film, to prevent shorting
among gold electrodes wiring. After release, the shuttle is pushed in
position using a probe station.
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5.2.3 Building a Fab on a Chip for quench condensation

With the specifically designed source and target dies, one can build a Fab on a chip for

superconducting thin film quench condensation studies. We use two pieces of leadless

chip carrier (LCC) to package the source and the target, then combine them so that

the target and source is facing each other with a small gap. Shown in Figure 5·5 is the

cross section diagram of the setup. Both the source and target die are bonded onto a

LCC package respectively. When placed together with a face to face configuration, the

packages form a small chamber where emitted atoms from the source get deposited

on the target directly within a short distance. This helps to make full use of the

loaded material on the source. An opening on the target LCC package is etched so

that a copper cylinder is inserted to make contact to the cold finger of a cryostat

and the MEMS chip, providing excellent thermal conduction from the target chip

to the cold finger. The cryostat is able to cool down the entire device to ∼ 2.8 K.

The temperature discrepancy between the target substrate and what is measured by

the thermometer attached to the cold finger is then minimized. When the source is

actuated, the generated heat may increase the temperature of the entire device. As

discussed in subsection 4.3.3, thermal conduction is the main cause of a temperature

spike on the target. However because the pulse actuation lowers the time-average

power and the source die is cooled through the package to the cold finger which has

a much larger thermal capacity, the actual temperature fluctuation on the target die

can be controlled to less than 1 K while still maintaining a decent deposition rate

for Pb. Vent holes were drilled on the source LCC package so that the air trapped

inside the small chamber can get pumped out during the process. When the cryostat

chamber is pumped to high vacuum, due to cryo-pumping, the space enclosed between

LCC packages can reach even lower pressure, which further maximizes the mean free
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path of the emitted atoms from the source. Similar macroscopic version of this setup

has been used for quench condensation previously (Frydman et al., 2002).

Figure 5·5: The packaging diagram for a Fab on a Chip micro evap-
oration chamber. The source and target chips are bonded onto two
LCC packages and are glued together face to face. Atomic flux emitted
from the source directly deposits on the target to fabricate the thin
film. There is an opening on the LCC package substrate of the target
so that the chip can make direct contact with a cold finger inside a
cryostat to conduct quench condensation.

The diagram of the circuit used to measure the resistance of the thin film with

four-terminal sensing is shown in Figure 5·6. The driving signal is a 33 Hz sine wave

and is applied between two of the four electrodes with a 1 MΩ resistor in series. The

main function of the 1 MΩ resistor is to limit the current. For example, when the

applied voltage is 40 mV, the maximum current that is allowed through the thin film

regardless of its resistance is 40 nA. This can protect the thin film since it is very

fragile and may be burnt by a large current. Two lock-in amplifiers are used to make

precise voltage measurements. Both of them are synced to the 33 Hz sine wave to

pick up signal only in this frequency, eliminating noises with other frequencies. The
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SR530 lock-in is used to measure the voltage across the 1 MΩ resistor, so that the

current flowing through the thin film can be determined. The SR124 lock-in measures

the voltages across the other two electrodes on the thin film. The resistance of the

region between the two voltage electrodes can then be calculated from the voltage and

current. All cables used are high-frequency coaxial cables to minimize interference.

This setup works well when the contact resistance between the thin film and the gold

electrode is small. But when the film is in insulating state or the contact resistance is

comparable to the internal resistance (10 MΩ) of the lock-in amplifier, the measured

resistance may not be accurate any more.

Figure 5·6: The circuit diagram of the four-terminal sensing resistivity
measurement on the quench condensed Pb thin film.
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5.3 Quench condensed Pb thin films

5.3.1 Superconducting transition temperature and film thickness

With the configuration described in section 5.2, we can conduct quench condensation

experiments of Pb inside a cryostat and measure the superconducting properties for

different thicknesses. Pb was deposited very slowly with an average rate of ∼ 3 nm/h.

To achieve that, each pulse lasts for 10 ms and two consecutive pulsed are 2 s apart.

The mass sensor is then used to monitor the deposition rate. During the deposition

process, the four-terminal sensing is disabled and all electrodes are grounded to the

substrate so no current is flowing in the thin film, to minimize the possible effect

of current on the morphology of the deposited film. After the desired thickness is

achieved, the electrodes are ungrounded and four-terminal sensing is performed to

measure the resistance of the thin film. Temperature is swept carefully with the pre-

cisely controlled cryostat while taking the resistance measurements. This process is

then repeated on the same sample several times while keeping the temperature low to

get measurements on the thin film with different thicknesses. By doing that one can

get resistance data on the thin film for various thickness and temperature combina-

tions with just one sample. Plotted in Figure 5·7 is the data of such a measurement.

The conduction is first measured at 2 nm with a superconducting transition temper-

ature (Tc) at around 4.8 K. With increasing thickness, a monotonically decreasing

normal resistance and increasing Tc have been observed. At 10 nm, Tc has increased

to around 6.7 K and the normal resistance has dropped below 3% of the normal re-

sistance of a 2 nm film. The temperature was brought up to 10 K for each thickness

and the resistance curves for temperature sweeping up and down overlap, indicating

that no obvious annealing effect is observed within this temperature range. The su-

perconducting transition is sharp that it is completed within a narrow temperature
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range, especially when the film is thicker.

Figure 5·7: Four-terminal resistance measurements done with tem-
perature sweep on the Pb quench condensed thin film for different
thicknesses. Thinner films have a higher normal resistance and a lower
superconducting transition temperature.

It has been argued that the substrate has a great effect on the morphology and thus

superconducting properties of the thin film quench condensed using physical vapor

deposition. When deposited on passivated substrates like SiO or SiN, Pb may tend to

move around on the surface to form isolated islands first, until when islands are get-

ting large enough to connect with each other to achieve superconducting percolation.

In this situation, the thickness of each island can be thick while the averaged film

thickness is still relatively thin. Large island may start to behave like bulk supercon-

ductor with Tc = 7.2 K. However, since electrons still need to tunnel among islands,

the superconducting transition temperature of the entire film may not be well defined,

resulting in a broad and gradual resistance drop during a temperature sweep, instead

of a sharp transition. Moreover, the temperature at which the resistance starts to
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drop for different thicknesses is always around the bulk Tc = 7.2 K. Shown in Fig-

ure 5·8 is the figure reproduced from Frydman’s paper (Frydman, 2003). The left

plot is the resistance measurement during temperature sweep on different thicknesses

of granular Pb thin films quench condensed on passivated substrates. The long tail

of the superconducting transition for intermediate thickness is the effect of a not well

defined Tc due to the granular film morphology. On the other hand, the right plot

shows the same measurements done on a uniform Pb thin film. To achieve a uniform

film, a Ge sticking layer is used, which can improve the homogeneity of the quench

condensed film significantly (Haviland et al., 1989)(Logeeswaran et al., 2009). As

can be seen in the plot, since the thickness of a uniform thin film is well defined,

the superconducting transition temperature is well defined and is different for various

thicknesses. The sharp transition indicates a disordered amorphous thin film.

Figure 5·8: Reproduced from reference (Frydman, 2003). This figure
shows the resistance versus temperature measurements done on various
thicknesses of Pb thin films with two different deposition processes.
The left plot corresponds to a granular film deposited on SiO substrate
while the right one corresponds to uniform films evaporated on a Ge
under-layer.
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The positive correlation between Tc and film thickness for superconducting thin

films has been well studied and is supported by theory. According to Bardeen-Cooper-

Schrieffer (BCS) theory (Bardeen et al., 1957), the superconducting transition tem-

perature is determined by

kTc = 1.14~ωD exp(− 1

N(0)V
) (5.1)

where k is the Boltzmann constant, ωD is the Debye frequency, N(0) is the electron

density of states at the Fermi surface, and V is the attractive interaction. On the

other hand, the energy gap can be express as

∆ =
~ωD

sinh(
1

N(0)V
)

(5.2)

which means that there is a positive correlation between Tc and the energy gap.

From a qualitative point of view, when the energy gap is larger, a higher temperature

is required in order to excite electrons to destroy the superconductivity. For bulk

material, Tc does not depend on the dimension of the sample, because a macroscopic

dimension has no effect on the energy gap. However, the situation is quite different for

thin films when the thickness is so small that the quantum effect becomes significant.

The motion of the electron along the axis of the thickness will be quantized and can be

modeled as confined in a quantum square well. While a simple model assumes infinite

wall boundary conditions, a more realistic model allows for leakage of electronic wave

function into a distance outside the film. In such a model, the relationship between

energy gap and film thickness can be estimated by solving the quantum well state

problem with the assumed boundary condition (Yu et al., 1976)
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∆ ∼= 2~ωD exp(− 1

ρ(1−Bb∞/a′)
) (5.3)

where ρ and B are constants, b∞ is the allowed penetration depth and a′ is the total

film thickness including b∞ on both sides. This result indicates a positive correlation

between the energy gap and the film thickness, thus a positive correlation between Tc

and the film thickness. By taking assumptions and approximations, it is shown that

the relationship between Tc and the film thickness can be approximated as (Yu et al.,

1976)

Tc = Tc0 exp(−C
a

) (5.4)

where Tc0 = 7.2 K is the superconducting transition temperature for bulk Pb, a is the

film thickness and C is a positive constant yet to be determined by the experiment.

The Tc versus film thickness plot using the same data set as Figure 5·7 is shown in

Figure 5·9. In order to plot the theory prediction Equation 5.4 and compare it with

the experiment result, Equation 5.4 is fitted to the experiment data to determine the

constant Tc0 and C. In this case, Tc0 is determined to be (7.10± 0.07) K and C is

determined to be (0.76± 0.04) nm. Equation 5.4 is then plotted in Figure 5·9 as the

red curve for comparison with the experiment data. It can be seen that the theory

prediction and the experiment data match well. They show the similar trend of Tc

as the film thickness increases. The fitted parameter Tc0 has a value very close to the

well measured 7.2 K superconducting transition temperature for bulk Pb. As has been

discussed in (Yu et al., 1976), the constant C is correlated to the penetration depth

of the wave function of the electron out of the material surface. This implies that

the material of the substrate may have an effect on Tc for very thin superconducting

films, especially when the substrate is metal. This proximity effect has been studied
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in previous research. (Cooper, 1961) (Lazar et al., 2000)

Figure 5·9: The Tc versus film thickness plot of the same data set
with Figure 5·7. The red curve shows the theory prediction using
Equation 5.4. The parameters Tc0 and C in Equation 5.4 are de-
termined by fitting the equation to the experiment data. The result
shows that Tc0 = (7.10± 0.07) K which is very close to the well mea-
sured 7.2 K superconducting transition temperature for bulk Pb, and
C = (0.76± 0.04) nm. It can be seen that the trend of Tc as the film
thickness increases for the experiment data matches well with the the-
ory.

A more careful theoretical calculation on the energy gap shows that an oscillation

exists in the energy gap as the film thickness changes (Yu et al., 1976)(Paskin and

Singh, 1965)(Orr et al., 1984)(Blatt and Thompson, 1963), which means that the

oscillation should also exist in Tc. This effect has been observed in experiments (Orr

et al., 1984)(Eom et al., 2006). Due to the high resolution and uniformity of the thin

film quench condensed using Fab on a Chip, such an experiment should be achievable

with our approach and could be a future research topic.

Similar granular film results have been reported by Ekinci (Ekinci and Valles,
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1999), where different passivated substrates were used. In the research, it is reported

that different substrate materials have little effect on the microscopic structure of

the thin film and a granular film is always obtained. In-situ scanning tunneling

microscopy (STM) measurements done on the sample confirm the morphology of the

granular films. The Tc for different thicknesses were measured and the data is plotted

in Figure 5·10. In Ekinci’s data, there is a sudden drop of Tc when the film thickness

is below ∼ 6 nm. For films thinner than that, the Tc is beyond the measurement limit.

This phenomenon is explained by the finite size effect of the Pb grain. At around

∼ 6 nm, the second layer of Pb grains densely fills in the gaps among grains in the

first layer, thus the superconductivity is suddenly boosted (Ekinci and Valles, 1999).

The red dots overlaid on Figure 5·10 show the results of similar measurements done

on the Pb thin film quench condensed using Fab on a Chip. It is clear that the grain

size effect (if any) is much smaller.

The current result indicates that the Pb thin film deposited using the Fab on a

Chip approach behaves very differently from the one deposited using the macroscopic

counterpart. Comparing the plots in Figure 5·7 with Figure 5·8, it seems that the

Pb thin film quench condensed using our micro evaporator is a uniform amorphous

film. This implies that even for quench condensation done on passivated substrates,

uniform Pb films are achievable. The key might be how the deposition is conducted.

The major difference between our approach and the conventional quench condensation

process is that by using the micro sources, one can puff off atoms at a slow rate that

each pulse only deposits a few atoms per square microns on the substrate. During the

entire deposition process, the substrate stays cold because of the low heat dissipation

from the source. Even though Pb atoms tend to ball up, they will stay still because

the over thermal energy is low. Due to the small amount, they are cooled by the

giant substrate in a short time. As for the conventional deposition, the atomic flux
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Figure 5·10: Reproduced from reference (Ekinci and Valles, 1999).
This plot shows the Tc versus film thickness measurements for Pb thin
films deposited on highly oriented pyrolytic graphite (HOPG) (dia-
monds) and GeOx (crosses). The red dots overlaid on top of the plot
is the data obtained on Pb thin films quench condensed using Fab on
a Chip.

is so high that too many atoms reach the substrate simultaneously thus balling up

may happen. The amount of emitted atoms can not be precisely controlled in a

conventional deposition process.

In order to confirm that the quench condensation using Fab on a Chip continu-

ously adds atoms to the thin film, a resistance measurement is performed while the

deposition is undergoing. To prepare for that, an initial 3 nm thick of Pb was de-

posited. Temperature sweep on this sample measures a well defined superconducting

transition as shown in Figure 5·11. The temperature was then raised to 6 K, which

is on the edge of superconducting transition. The resistance of the thin film at this

temperature was around 4700 Ω. When new atoms are added to a thin film which

is just on the transition at 6 K, the resistance will be very sensitive to the newly
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Figure 5·11: A Pb thin film of 3 nm has been quench condensed.
The resistance measurement during a temperature sweep shows a well
defined superconducting transition. After the quench deposition of an-
other 2 nm at 6 K during which resistance measurement was constantly
performed, the superconducting transition shifted to the right.

added atoms and even a tiny discontinuous behavior will have a great impact on the

resistance curve thus can be observed. The four-terminal sensing was enabled for

resistance measurement as the micro source array was being pulsed. The deposition

process was performed slowly and each pulse emitted very few atoms that the quench

condensation of additional ∼ 2 nm thick of Pb took more than 3 hours at a constant

rate. The resistance versus thickness curve is plotted in Figure 5·12. It can be seen

that the resistance continuously decreases to zero as the thickness increases. This

is because that each time when new atoms are deposited, the film becomes a little

bit thicker, so that the normal resistance will decrease and the Tc will increase. The

equivalent effect is that the resistance curve in Figure 5·11 will shrink and shift to

the right. Eventually at ∼ 5 nm and 6 K, the film is completely superconducting.
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Another temperature sweep at ∼ 5 nm as shown in Figure 5·11 further confirms that

the superconducting transition still exist, but just moves to the other side of x = 6 K.

This result provides another evidence that the quench condensed Pb thin film using

micro sources is disordered and homogeneous, so that there is no abrupt resistance

discontinuity on the curve.

Figure 5·12: The resistance versus thickness curve for adding new Pb
atoms using the micro sources to a 3 nm Pb thin film at 6 K. The plotted
substrate temperature is monitored by a thermal-couple thermometer
attached to the end of the cold finger. There are periodic spikes in the
resistance curve, due to the periodic temperature spikes as they always
happen together.

Another effect can be seen on the resistance curve is that there are small periodic

resistance spikes during the deposition. This phenomenon is believed to be caused

by the temperature spikes of the substrate, due to the cryostat’s liquid He pumping

cycle. The cryostat is cooled by liquid He cycling inside a loop and a periodic pressure

change exists due to the compressor. In order to explicitly show their correlation,



123

the substrate temperature monitored by a thermal-couple thermometer attached to

the end of the cold finger is also plotted in Figure 5·12. It is obvious that the

periodic temperature spikes and the resistance spikes always emerge simultaneously.

The resistance of the thin film on the superconducting transition is very sensitive to

the temperature thus a small fluctuation of temperature can bring about a visible

resistance fluctuation. The largest resistance spikes appear in the halfway when the

thickness is between 3.5 nm and 4.5 nm. This is because that the maximum slope of

resistance versus temperature curve appears in the halfway of the superconducting

transition, as shown in Figure 5·11.

5.3.2 Annealing of the quenched condensed Pb thin film

The Pb thin film quench condensed at 3 K doesn’t show obvious annealing effect up to

10 K, as shown in Figure 5·7, where the up sweep and down sweep curves match well.

For higher temperatures, the annealing effect starts to emerge. Shown in Figure 5·13

are the temperature sweep measurements with increasing temperature sweep ranges

of a ∼ 5 nm Pb thin film initially deposited at 3 K. The film was first brought to

15 K slowly and then back down to 3 K. The close up shown in Figure 5·14 indicates

that the normal state resistance starts to decrease right past 10 K and the change

is irreversible. The temperature was then cycled to 20 K, 25 K, 30 K, 42 K, and

finally 75 K, in sequence. Each time when the film reached a not experienced higher

temperature, the normal state resistance started to drop irreversibly. The exception

is that a temperature minima occurs around 42 K. After that, the normal resistance

even increases a bit with increasing temperature and the annealing effect becomes

weak after that.

Comparing to the previous research done on mercury quench condensed thin films

(Danilov et al., 1995), one possible explanation might be the existence of local insulat-
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Figure 5·13: The annealing effect of a ∼ 5 nm Pb thin film initially
deposited at 3 K. Each time the film reaches a new higher temperature,
the normal state resistance undergoes an irreversible decrease, until over
60 K.

ing amorphous phase inside the Pb thin film. Such insulating phase may be confined

in small regions surrounded by metallic lead and is metastable. When the temper-

ature is raised, the additional thermal energy helps to overcome the energy barrier

inside small insulating phase regions so the atoms inside the region will undergo a

phase transition. Since for an amorphous film the insulating regions are disordered,

the energy needed to overcome the barrier for different insulating regions may spread

within a large range. This means that the transition of each region may take place at

different temperatures thus the overall effect will be a gradual change of resistance.

This explanation does not necessarily conflict with the previous assumption for the

high uniformity of the Fab on a Chip quench condensed thin films, because even for

these thin films the random thermal motion of deposited atoms still exists which can

result in microscopic regions with different phases, especially when the film is thin.



125

After the annealing is completed at 75 K, the resistance of the film drops to around

1/3 of the normal state resistance before annealing, indicating that the ratio of insu-

lating to metallic Pb in a newly quench condensed film is around 2:1. This means that

the initial thermal energy of the film deposited at 3 K is sufficient to change one third

of all deposited Pb into the metallic state. This proposes an interesting experiment

that one can quench condense Pb at different base temperatures with varying rates,

and use annealing to estimate the proportion of metallic Pb for each configuration,

which can be easily conducted using Fab on a Chip. It is expected that higher base

temperature or higher evaporation rate could result in a higher percentage of initial

metallic Pb, but new physics could emerge as well.

Figure 5·14: The close up shows that irreversible annealing starts
right past 10 K.

A minima in the annealing data is observed around 42 K, before which the insulat-

ing to metallic phase transition occurs due to annealing. After the minima, insulating

to metallic phase transition is completed and the normal state resistance increases
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slightly. Such a minima has been observed with other metals but usually found at

higher temperatures, such as indium at 180 K (Ewert et al., 1976) or thin lead at

a temperature between 200 K and 250 K (Granqvist and Claeson, 1974). In those

films, the effect is explained by the transition from a disordered film to an ordered

crystalline film, where the atoms inside the entire film rearrange to form crystalline

structures. This process usually requires a much higher temperature thus the thermal

energy to enable atom surface mobility. It is still a question why this happens at a

much lower temperature for our quench condensed Pb thin films. Due to the lack

of in-situ surface topology measurement, it is not clear whether the morphology of

the film has changed during the annealing or any balling-up has occurred. The result

shows that our film deposited using MEMS is very different from previously quench

condensed thin films using conventional approaches. The close up around Tc shown

in Figure 5·15 indicates that Tc has shifted from around 6.2 K to almost 7 K during

the entire annealing process. This effect observed in a granular film was attributed

to a thickness effect (Frydman, 2003), due to the morphology change of grains. In

our cases, it is possible that when the insulating state transits into the metallic state,

more charge carriers are gained so that it is equivalent to an increase of film thickness.
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Figure 5·15: The close up around Tc shows that Tc has also shifted
due to the annealing



Chapter 6

Conclusion

In this thesis, a novel approach to fabricate nanoscale structures using MEMS devices

is discussed. MEMS being manufactured in a macroscopic fab inspires the idea of

getting the process further down to fabricate even smaller structures, namely nano-

structures, using MEMS. A collection of MEMS-based micron scale tools including

lithography tools, novel atomic deposition sources, atomic mass sensors, thermome-

ters, heaters, shutters and interconnect technologies has been developed. By integrat-

ing them into a single silicon chip, one build a micro system with the functionality

of a semiconductor fab, namely Fab on a Chip. The manufacturing of the devices is

based on a commercial MEMS foundry called PolyMUMPs, which is a reliable and

reproducible surface micro-machining process.

The patterning tool is crucial for any fabrication systems. Here a microscopic XY

stage with precise 2D positioning capability called the writer is utilized for nanos-

tructure patterning. Arbitrary shapes of nanostructures are obtained by moving the

writer plate in a pre-designed trace and depositing atoms through an aperture on

the plate. Due to its dimensions and the fact that it is actuated using MEMS comb

drives, the resolution of this technique can reach sub-nanometer level, while a rela-

tively large working distance is still achievable. Complex patterns such as multi-layer

and multi-material structures can be fabricated by having multiple apertures milled

using FIB and conducting multiple evaporation runs on the same sample with the

128
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help of a ultra-fast shutter. The dynamic response of the writer has also been care-

fully characterized. A great flexibility is achieved by using the writer to perform

nano-patterning.

In order to monitor the ongoing deposition process of Fab on a Chip, MEMS

sensors are used. One of the most important MEMS sensors is the mass sensor

which works just like a film thickness monitor. The MEMS mass sensor is essentially

a parallel plate capacitor with one plate suspended by serpentine springs. Mass

loaded on the suspended plate changes its oscillating frequency which can be precisely

measured using a phase lock loop. The mass sensor is manufactured using the same

semiconductor process as the writer so that it can be conveniently placed beside a

writer for better accuracy. Its miniature size provides it a high mass resolution which

is required for nanofabrication and even single atom placement.

The material source is an integral part of any fabrication systems. It is crucial

that the source can emit precisely controlled atomic flux over a wide range during

nanofabrication, so that one can either place a few atoms per square microns, or

deposit a few nanometers of overall thickness. This is achieved by having a micro

source plate which is suspended by spring heaters to conduct microscopic thermal

evaporation. We have shown that due to its miniature dimensions, the source respond

to the actuation within a millisecond. Its fast response enables the use of modulated

voltage pulses to actuate the source, making it convenient to tune the deposited mass

of each emission. It is shown that one can achieve eight orders of magnitude on

deposited mass using the source array, indicating that this technology is sufficient

for nanostructure fabrication as well as single atom impurity placement, which is of

interest for many transport experiments.

One advantage of using MEMS to conduct fabrication is its scale. Being small

means high resolution and low heat generation, which are required for experiments on
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quench condensed superconducting thin films. A target chip with thin film resistance

measurement electrodes and mass sensors was manufactured using the PolyMUMPs

foundry. By packaging the source and the target die together, a micro evaporation

chamber is built to conduct thin film quench condensation and in-situ experiments.

Measurements show that unlike previously quench condensed thin films using con-

ventional macroscopic sources, the MEMS approach was able to deposit a uniform

amorphous thin film on a passivated substrate. Ultra-low but measurable deposition

rate due to the pulsed deposition may be the major reason of the homogeneous film.

The thermal energy of each deposition step is well depressed therefore the morphology

of the thin film is quite different from what conventional methods get.

Future research could focus on the combination of the source and the writer to

gain even greater flexibility of nanofabrication. Hence one can precisely control when,

where and how many atoms get deposited. Single atom deposition may also be

possible given the high resolution of the source, the small FIBed aperture on the

writer plate and the fast response of the integrated shutter. Topologically more

complex nanoscale circuit could be fabricated in this way for experiments involving

quantum effects. By having multiple material loaded on the source, one can conduct

alloy thin films research or investigate the influence of impurities on supercondcutors.

We show that by conducting nanofabrication in the micron scale, a new regime of

nanoscale physics research is achieved.
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