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The Japanese art of origami (‘ori’, fold; ‘kami’, paper) has long enabled the

creation of beautiful three-dimensional sculptures from flat sheets of paper.

More recently, origami has also found use in various engineering appli-

cations, leading to the development of origami-inspired systems ranging

from the macro to the micro scale. At and below the micron scale, origami-

inspired design has proven to be especially advantageous by allowing the

use of planar microfabrication methods to build systems that can self-fold

into complex three dimensional geometries. In this thesis, we explore ultra-

thin sheets of hard materials as a platform for origami-inspired microsys-

tems. We use atomic layer deposition (ALD) technology to grow inorganic

films with nanoscale thickness, and integrate these films into complex mi-

crofabrication processes to create releasable micromechanical devices that

can self-fold. The approach we develop combines planar semiconductor

fabrication methods with computerized origami design, making it possible

to fabricate and deploy origami-inspired microdevices en masse. Due to its

generality and applicability to various classes of materials, our approach

presents as an ideal platform for the miniaturization of origami-inspired

machines and robotics.
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CHAPTER 1

INTRODUCTION

Because of their scale invariance, origami design principles have been used

to create complex systems across various size scales. As a result, origami

has found use in numerous engineering applications [1] including, but not

limited to, deployable solar panels on spacecraft [2][3], stents [4], centime-

ter scale programmable materials [5][6][7] and robots [8][9], and microelec-

tromechanical systems (MEMS) [10].

In this work, we aim to develop self-folding, origami-inspired microsys-

tems based on atomically thin sheets, which open the door to a new

class of systems that define the smallest possible size scale for self-folding

[11][12][13]. We pursue an approach combining computerized origami

design with planar semiconductor processing techniques to create self-

folding microdevices that can be fabricated and deployed in parallel.

The work in this thesis is motivated by our belief that, the scale invari-

ance of origami-design principles, combined with the massive parallelism

of semiconductor microfabrication technology, would make our approach

an ideal platform for the miniaturization of origami-inspired machines and

robotics. In this chapter, we will introduce the concept of origami inspired

microfabrication, and discuss the manufacturing techniques that will be

used in our pursuit to scale origami-inspired systems down using atomi-

cally thin, self-folding sheets.
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1.1 Origami Inspired Microfabrication

Origami-inspired designs have demonstrated significant advantages at the

microscale by enabling the use of planar lithographic fabrication meth-

ods to build 3D structures that remain inaccesible to other manufactur-

ing processes. Within the past decade, complex self-folding microsystems

have been demonstrated using metallic thin films [14][15][16] and poly-

mers [17][18][19].

As a result of their high Young’s modulus and low bending stiffness,

ultra-thin films of hard materials have emerged as an excellent mate-

rial choice for self-folding microsystems [20][21][22]. When fabricated at

nanoscale thicknesses, these films can repeatedly undergo considerable

bending deformation without failure, while remaining stiff enough to pro-

duce sufficient force output to lift payloads.

Our main focus in this work will be to develop a complete platform for

self-folding microsystems based on atomically thin films of hard materials,

thus extending the full power of origami-inspired fabrication to nanoscale

sheets. We will leverage atomic layer deposition (ALD) technology, which

enables the fabrication of films with nanometer thickness, high mechanical

integrity, high uniformity and low pinhole defect density [23][24][25][26],

to grow ultra-thin films of hard materials, and process these films using

lithographic fabrication methods to create complex self-folding microsys-

tems.
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1.2 Scaling of Mechanical Systems

Bending and folding in the systems of interest to this thesis will be driven

by internal elastic forces. Since the self-folding microsystems we develop

will have lateral dimensions that are much larger than their thickness, their

mechanics can be described adequately with the Kirchhoff-Love theory of

plates.

Figure 1.1: Thin plate under pure bending. Schematic showing a thin
plate with thickness t under pure bending, with applied external bending
moments per length Mx and My.
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Under applied external bending moments per length Mx and My, a thin

plate of thickness t (fig. 1.1), made of a material with Young’s modulus E

and Poisson’s ratio ν, will attain the principal curvatures κx and κy, which

can be related to the applied moments as follows [27]:

Mx =
Et3

12(1 − ν2)
(κx + νκy) (1.1)

My =
Et3

12(1 − ν2)
(κy + νκx) (1.2)

In the origami-inspired systems considered here, we will generally con-

strain the self-folding sheets so that they experience bending about a single

axis, in which case the maximum strain due to bending experienced by the

sheet will be given by:

εmax =
κt
2

(1.3)

It is important to note here that, for systems undergoing pure bending,

the curvature κ can be increased without exceeding the maximum allow-

able strain if the sheet thickness t is decreased proportionally. For origami-

inspired systems driven by internal elastic forces, this means that if all di-

mensions of the design are scaled down equally, the same design rules will

apply, regardless of the overall size scale of the problem [28][29][30]. This

approach greatly simplifies the problem of miniaturization by avoiding re-

lying on surface forces and friction, which become increasingly dominant

at small size scales [31] [32].

Using equation 1.3, we can estimate the maximum strain for a several

nanometer thick sheet bent down to a radius of curvature of 10 µm to be on
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the order of 10−4, which is well below the fracture strain for most MEMS

materials [33][34]. In our pursuit to miniaturize origami-inspired systems

using atomically thin sheets of hard materials, this result encourages our

choice of materials even further.

1.3 Planar Fabrication Methods for Self-Folding Microsystems

In addition to their suitability for use in micromechanical systems, ultra-

thin films of hard materials are also compatible with standard semicon-

ductor fabrication methods. This will allow us to leverage well-established

manufacturing techniques that have brought immense advances in inte-

grated circuit technology to fabricate millions of origami-inspired microde-

vices on a single flat substrate.

Atomic layer deposition (ALD) will play a major role in all the fabri-

cation process flows relevant to this thesis. Since it will be central to this

thesis, we will devote the next chapter to introducing ALD technology in

detail. In this section, we will provide a brief overview of other planar

microfabrication methods we will use to create self-folding microsystems.

One of the key enabling technologies behind the work we present in

this thesis will be optical lithography (photolithography), which refers to

the transfer of a two-dimensional pattern to a photosensitive material using

electromagnetic radiation.
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Figure 1.2: Optical Lithography. During optical lithography, the substrate
being processed is coated with a thin layer of photosensitive polymer,
called photoresist. The photoresist is selectively exposed to electromag-
netic radiation through a photomask, modifying the photoresist’s chemical
properties in the exposed regions. Depending on the type of photoresist
used, radiation exposure can render this material soluble or insoluble in a
developer solution. Development of the photoresist removes the soluble re-
gions, transferring the photomask pattern to the photoresist. This exposes
the substrate surface at the desired locations and allows material deposi-
tion, modification or removal in these regions while the rest of the surface
remains protected.
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To perform optical lithography, the substrate being processed is coated

with a thin layer of photosensitive polymer, called photoresist. The pho-

toresist is selectively exposed to electromagnetic radiation through a pho-

tomask, which results in the modification of its chemical properties in the

exposed regions. Depending on the type of photoresist used, radiation ex-

posure can render this material soluble (positive tone photoresist) or in-

soluble (negative tone photoresist) in a developer solution. Development

of the photoresist removes the soluble regions, transferring the photomask

pattern to the photoresist, and exposing the substrate surface at the desired

locations for further processing (fig. 1.2).

Combined with various thin film deposition and material removal (etch-

ing) techniques, optical lithography makes it possible to construct mi-

croscale device architectures through planar processing steps. The most

significant advantage of fabrication approaches based on optical lithogra-

phy is the massive parallelism: after the photomask for each lithography

step is prepared, all devices on the substrate are patterned and processed

simultaneously. In this work, we will mainly use near-UV wavelengths to

pattern photoresists, and the minimum in-plane feature sizes we will en-

counter will be on the order of few microns.

In addition to optical lithography, we will use physical vapor deposition

methods, namely evaporation and sputtering, to deposit thin metallic films.

To perform metal evaporation, the substrate being processed is placed

in a vacuum environment together with the material to be evaporated. This
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material is heated using either an electron beam or resistive heating to es-

tablish a vapor pressure. The vapor travels toward the substrate surface

and condenses to form a thin film coating.

Similarly, to perform sputter deposition, the substrate being processed

is placed in a vacuum environment together with a target made of the ma-

terial being deposited. The target surface is bombarded with energetic ions

from an Ar plasma, resulting in ejected atoms, which travel to the substrate

surface and form a thin film coating. The sputtering equipment used in

this work houses multiple targets made of different materials in the same

chamber, and employs magnetrons to confine the Ar plasma to the vicin-

ity of the target in use. Compared to evaporation, sputtering offers more

control over the film deposition conditions, and therefore permits further

tuning of the film’s microstructure.

To selectively remove the thin films we deposit, we will also make use

of wet chemical etching and reactive ion etching methods. Wet etching

involves the use of a liquid chemical that reacts with the material being

etched to form a soluble product, resulting in its removal.

Reactive ion etching (RIE) employs reactive plasmas driven by a radio-

frequency (RF) electromagnetic field: Ions are accelerated toward the sub-

strate, collide with its surface and react with the material being etched to

form a volatile product, which is pumped away. One important distinc-

tion between these two processes is that wet etching proceeds isotropically,

whereas reactive ion etching is anisotropic, and proceeds mainly in the di-
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rection perpendicular to the substrate surface.

Using photoresist as a masking layer during etching allows the transfer

of the microscopic photoresist pattern to the underlying layers on the sub-

strate. Therefore, for both of these etching techniques, it is important that

the etch process has sufficient selectivity against both the photoresist and

the materials on the substrate that should not be removed.

Throughout this thesis, selection and integration of processes will be of

utmost importance to overall device yield and quality. A successful combi-

nation of deposition, lithography and etch steps will enable simultaneous

fabrication of a large number of microscale devices on a single flat sub-

strate. After device fabrication is complete, these devices will be released

from the substrate so that they can self-assemble into pre-defined 3D archi-

tectures through folding.

This concludes our overview of the planar microfabrication techniques

that will be used in this work. For further information on these processes,

the reader is referred to dedicated texts that explore microfabrication tech-

nology in more detail [35][36][37].

1.4 Thesis Outline

Having introduced the essentials for origami-inspired engineering and fab-

rication at the microscale, we will now begin our endeavor to create com-
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plex self-folding microsystems based on atomically thin films of hard ma-

terials.

In Chapter 2, we will discuss the basics of atomic layer deposition (ALD)

technology, and introduce the ALD equipment and processes we use to

fabricate ultra-thin films of inorganic materials.

In Chapter 3, we will integrate the aforementioned ALD processes with

lithographic fabrication techniques to create free standing micromechani-

cal devices based on ALD SiO2 nanofilms. After performing mechanical

characterization on these devices, we will introduce methods to tune their

mechanical properties.

In Chapter 4, we will develop ALD SiO2 - graphene based bimorph de-

vices, which generate bending actuation in response to changes in the pH

and temperature of their environment. We will use this bending response

to engineer unidirectional self-folding, and create simple self-folding struc-

tures that can actuate between their flat and folded configurations.

In Chapter 5, we will make use of 4 nm thick ALD SiNx - SiO2 bilay-

ers to engineer bidirectional folding. After performing curvature charac-

terization, we will develop a microfabrication process flow based on these

bilayers, which can map origami designs into corresponding lithographic

masks, enabling easily scalable fabrication of arbitrarily complex micro-

origami devices.

In Chapter 6, we will summarize our results and discuss their applica-
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bility to different material systems. We will conclude by discussing envi-

sioned applications for the systems we develop, as well as directions for

future work.
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CHAPTER 2

GROWTH AND CHARACTERIZATION OF ALD NANOFILMS

2.1 Introduction

Since its introduction in the 1970s [38], atomic layer deposition (ALD) tech-

nology has been recognized as one of the most significant advances driving

the miniaturization of electronics. With its capability to conformally de-

posit high quality thin films with Angstrom level resolution and excellent

uniformity, ALD has met challenging design criteria in nanoscale device

fabrication [23]. As a result, ALD has found use in a wide range of nan-

otechnology applications including semiconductor devices [39], magnetic

recording heads [40] and biomedical sensors [41].

Central to the work in this thesis are free standing, ALD grown ultra-

thin (< 5 nm) films of inorganic materials. The high mechanical integrity,

high uniformity, and low pinhole defect density achieved by atomic layer

deposition, combined with the inherent mechanical strength, chemical and

thermal stability of inorganic materials, makes these films an ideal design

choice for self-folding microsystems.

In this chapter, we discuss the basics of atomic layer deposition, and

introduce the ALD equipment and processes used in our experiments.
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2.2 Fundamentals of ALD

ALD processes achieve conformal thin film growth with Angstrom level

thickness resolution by carrying out sequential, self-limiting surface reac-

tions. In this section, we discuss the mechanisms of these surface reactions,

as well as the nucleation and growth behavior of films produced with ALD.

2.2.1 Surface Reactions in ALD

In most ALD processes, including those used in this work, the self-limiting

surface reactions are performed in a binary sequence of half reactions.

After the substrate is transferred into the ALD reaction chamber, the

first half of the ALD cycle is begun by introducing the first gas phase reac-

tant (precursor) into the chamber. The precursor chemically adsorbs to the

available bonding sites on the substrate surface in a self-limiting fashion,

i.e., one molecule at a time. The products formed after adsorption, as well

as the unused excess precursor, are purged away from the reaction chamber

with an inert gas, concluding the first half-cycle (fig. 2.1A).

In the second half-cycle, the second reactant, which can be another gas

(thermal ALD) or a reactive plasma (plasma enhanced ALD) [42], is intro-

duced into the chamber and allowed to react with the previously adsorbed

molecules, completing the reaction and depositing up to one layer of the

desired material. The volatile reaction products and the unused excess re-
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actant are then purged away from the chamber with an inert gas (fig. 2.1B)

[43]. This sequence of reactions is repeated as necessary to deposit the de-

sired film thickness.

2.2.2 Nucleation and Growth

In general, film deposition rates in ALD are expressed in terms of growth

per cycle (GPC), and a linear relationship exists between the number of

ALD cycles performed and the film thickness deposited. The exception to

this is the initial transient stage of the ALD process, before the substrate

surface has been fully covered by the film being deposited. At this stage,

a stable growth rate is not yet established, and the adsorption behavior of

the precursor is dependent on substrate surface chemistry [44]. A stable

growth rate is established once the substrate surface is fully covered.

Reliable growth of continuous ALD films are essential to the mechani-

cal integrity of the microscale devices explored in this thesis. Therefore, we

perform all ALD processing relevant to this work on Al2O3 surfaces. The

large number of -OH groups present on the Al2O3 surfaces serve as bond-

ing sites for the precursors and promotes rapid nucleation [45], ensuring

that the ALD films remain continuous down to 2 nm thickness.

Having completed our discussion on the basics of ALD, we will next

introduce the equipment and processes we use to perform atomic layer

deposition.
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Figure 2.1: Schematic describing ALD process. (A) The first half-reaction
of the ALD cycle is begun by introducing the first reactant (precursor)
into the chamber. The precursor chemically adsorbs to the available bond-
ing sites on the substrate surface in a self-limiting fashion. The products
formed after adsorption, as well as the unused excess precursor, are purged
away from the reaction chamber with an inert gas, concluding the first half-
cycle. (B) In the second half-cycle, the second reactant is introduced into
the chamber and allowed to react with the previously adsorbed molecules,
completing the reaction and depositing up to one layer of the desired mate-
rial. The volatile reaction products and the unused excess reactant are then
purged away from the chamber with an inert gas. Adapted from Profijt et
al.
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2.3 ALD Equipment and Processes Used in This Work

2.3.1 Oxford FlexAL ALD System

The great majority of the ALD processes relevant to this work were per-

formed using an Oxford FlexAL ALD system (figure 2.2), which has an au-

tomated single wafer loadlock, and is capable of performing both plasma

enhanced and thermal ALD in the same reaction chamber.

Figure 2.2: The Oxford FlexAL ALD system, located at the Cornell
Nanoscale Facility (CNF). The FlexAL ALD system has an automated sin-
gle wafer loadlock, and is capable of performing both plasma enhanced
and thermal ALD in the same reaction chamber. The remote plasma source
is located above the reaction chamber.
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In this thesis, we focus on plasma enhanced ALD (PEALD) processes

performed with the FlexAL system, which employ RF-driven inductively-

coupled plasmas (ICP). During processing, the plasma is generated in a

remote location above the substrate, and let into the reaction chamber to

react with the adsorbed precursor. Due to the high reactivity of plasmas,

PEALD allows processing at lower temperatures, and achieves higher film

growth rates compared to thermal ALD [42]. In addition, the use of a re-

mote plasma permits independent control over plasma and substrate pro-

cessing conditions, and reduces plasma-induced damage on the substrate

surface [46][47].

2.3.2 SiO2 and SiNx PEALD Processes

We now move on to discussing the specifics of SiO2 and SiNx PEALD pro-

cesses performed with the Oxford FlexAL ALD system, which we will later

integrate into complex fabrication processes to create micromechanical sys-

tems based on ultra-thin ALD films.

The SiO2 process is carried out at 200 ◦C, using tris(dimethylamino)silane

(3DMAS) as the silicon precursor, and Ar/O2 plasma [48] as the second re-

actant. The SiNx process is carried out at 350◦C, using 3DMAS as the silicon

precursor, and Ar/N2 plasma as the second reactant, with a resulting sili-

con to nitrogen ratio of ∼1.
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Figure 2.3: Deposited film thickness as a function of ALD cycles for
the SiO2 and SiNx PEALD processes. Both processes were performed
on Al2O3 surfaces, using the Oxford FlexAL ALD system. According to
the best fit lines, the growth rate for the SiO2 process is approximately 1
Angstrom/cycle at 200 ◦C, and the growth rate for the SiNx process is ap-
proximately 0.3 Angstrom/cycle at 350◦C.

In both PEALD processes, 3DMAS vapor is drawn from the heated pre-

cursor container, and delivered to the reaction chamber using Ar as the

carrier gas. As discussed previously, the Ar/O2 and Ar/N2 plasmas are

generated in a remote location above the substrate, and let into the reaction

chamber as needed.

Plots in figure 2.3 show deposited film thickness as a function of num-

ber of ALD cycles for the SiO2 and SiNx processes, together with best fit

lines. Growth rates are determined to be approximately 1 Å/cycle at 200 ◦C

for the SiO2 process, and approximately 0.3 Å/cycle at 350◦C for the SiNx

process. The film thicknesses shown in the plots are determined through X-

ray reflectivity (XRR) measurements performed using a Rigaku SmartLab

X-ray diffractometer tool, with an X-ray wavelength of 1.54 Å. During the

measurements, the X-rays, which are incident on the substrate at a grazing
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angle, are reflected at each interface, causing interference. The resulting

intensity is measured while varying the angle of incidence, and these mea-

surements are fit to a model to predict the thickness of the ALD film on the

substrate. The models used in the analysis of XRR data are highly complex

and also capable of including film density and roughness as fitting param-

eters [49]. Scanning transmission electron microscopy (STEM) is also used

to supplement these thickness measurements and verify film thicknesses as

well as nucleation. Details and results of STEM imaging will be discussed

in later chapters when necessary.

The observed linear dependence of film thickness on number of cycles

demonstrates consistent growth rates, and rapid nucleation for both ALD

processes, even at several nanometer film thickness. This result is signif-

icant, as robust growth of continuous films at this thickness scale enables

the fabrication of mechanical devices based on ultra-thin ALD films.

2.4 Summary and Conclusions

Ultra-thin ALD films of inorganic materials will be central to the rest of this

thesis. As discussed in this chapter, the high mechanical integrity, high uni-

formity, and low pinhole defect density achieved by ALD technology, com-

bined with the inherent mechanical strength, chemical and thermal stabil-

ity of inorganic materials, make ALD nanofilms an ideal design choice for

self-folding microsystems. Having explored the basics of atomic layer de-

position, and introduced the ALD equipment and processes used to grow
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ultra-thin SiO2 and SiNx films, we will now move on to discuss the inte-

gration of these ALD processes into different microfabrication schemes to

create free standing micromechanical systems based on ALD nanofilms.
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CHAPTER 3

ALD NANOFILMS AS A PLATFORM FOR MICROMECHANICAL

SYSTEMS

3.1 Introduction

In this chapter, we discuss the development and characterization of mi-

cromechanical devices based on ALD nanofilms. We begin by developing

a fabrication process to create free standing ALD SiO2 devices, then move

on to discuss their mechanical characterization. Next, we introduce meth-

ods to tune the mechanical properties of these devices through the addition

of cuts and corrugations, demonstrating that ALD nanofilms constitute a

functional platform for micromechanical systems.

The majority of the work in this chapter has been published as a research

article in Advanced Materials [50]. The author of this thesis is a co-author

of the manuscript, and the discussion here draws considerably from the

published work.

3.2 Device Fabrication, Release and Imaging

In order to fabricate micromechanical devices based on ultrathin ALD SiO2

films, we first deposit a 300 nm thick aluminum film on a cleaned substrate,

either through thermal evaporation or DC sputtering.
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The 300 nm thick aluminum film acts as the release layer: all compo-

nents making up the devices of interest are deposited and patterned on the

aluminum layer, and remain bonded to it until the very last fabrication step,

when the aluminum is etched to release the devices from the substrate.

Figure 3.1: Fabrication of micromechanical devices based on ultra-thin
ALD films. We begin the device fabrication process by depositing a 300
nm thick aluminum release layer on a transparent substrate. Following
release layer deposition, we perform plasma enhanced atomic layer depo-
sition (PEALD) to grow ultra-thin SiO2 films on top of the Al layer. Next,
we use optical lithography to define a photoresist pattern, and CF4 plasma
etch to transfer this pattern to the ALD SiO2 film. We then remove the
photoresist, leaving completed ALD devices bonded to the release layer.
Finally, we perform a wet etch process to dissolve the Al layer and release
the devices.
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Following release layer deposition, we perform plasma enhanced

atomic layer deposition (PEALD) to grow ultra-thin SiO2 films. Next, we

use optical lithography to define a photoresist pattern, and CF4 plasma etch

to transfer the photoresist pattern to the ALD SiO2 film. We then remove

the photoresist using organic solvents and O2 plasma, leaving completed

ALD devices bonded to the release layer (fig. 3.1).

Lastly, we carry out a wet etch process to release the devices: soaking

the substrates in either 1M hydrochloric acid or 2.38% tetramethylammo-

nium hydroxide (TMAH) dissolves the Al release layer, so that the devices

are detached from the substrate and released into solution. When using

TMAH, it is important to take into account the finite selectivity between

Al and ALD SiO2: the device geometries must be adjusted so that in the

time it takes for the etchant to undercut the devices, the ALD films are not

significantly etched.

Following device release, we exchange the wet etch solution with DI wa-

ter until a safe concentration is reached, then move on to image the devices

on an inverted microscope, equipped with micromanipulator probes and

interfaced with a 1064 nm Nd:YAG laser (fig 3.2). Unless stated otherwise,

all devices presented and discussed in this thesis are manipulated and im-

aged using this setup. The micromanipulators are used to apply forces by

making physical contact with devices of interest, and the infrared laser is

used to apply forces with radiation pressure and to locally heat devices.
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Figure 3.2: Experimental setup used in device imaging and manipula-
tion. The great majority of the microscale devices presented in this thesis
are imaged and manipulated using the setup in the photo, which consists
of an inverted microscope equipped with micromanipulator probes and
interfaced with a 1064 nm Nd:YAG laser through scanning mirrors and a
confocal lens pair. The micromanipulators are used to mechanically probe
devices of interest, while the laser is used to apply forces with radiation
pressure, and to locally heat devices.

Having introduced the basics of fabrication and imaging for microme-

chanical systems based on ALD nanofilms, we now move on to discuss

their integration with rigid panels, which add a set of important functions,

and constitute an important step toward the fabrication of self-folding mi-

crosystems.
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3.3 Integration of Flat Panels and the Effect of Transverse Cur-

vature on Bending Stiffness

In our pursuit to engineer self-folding with ALD nanofilms, we will lever-

age their bending response to internal stress gradients. Importantly, we

will need to localize this response to create microscale folds. To do so, we

choose to bond the ALD films to significantly stiffer flat panels, so that any

stretching and bending deformations are restricted in the regions where the

panels are bonded. In addition to localizing the bending response, the pan-

els also serve the purpose of visualization, and provide a reflective surface

when it is necessary to apply forces via radiation pressure. While logically

simple, this approach also brings significant challenges, which we discuss

in this section, along with an appropriate design solution.

3.3.1 Growth Stresses in Thin Film Deposition Processes

The main challenge to the integration of ultra-thin mechanical devices with

stiffer panels results from the growth stresses inherent to most thin film de-

position processes [51]. An internal stress gradient in a thin film, formed

as a result of the nucleation and growth processes occurring during de-

position, leads to the formation of curvature in the film under mechanical

equilibrium. In the application considered here, the presence of such gradi-

ents in the stiffer panels creates transverse curvature in the ultra-thin films

they are bonded to. As we will show in the next subsection, even a small
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amount of transverse curvature causes a significant increase in the bending

stiffness of ultra-thin films, and severely limits their bending response.

Figure 3.3: Growth stresses in gold thin films. (A) When thermally evapo-
rated gold panels are released and imaged using reflected light, their intrin-
sic curvature, formed due to growth stresses, creates interference fringes.
The wavelength of the light used in imaging can be used to estimate a
height variation of approximately 100 nm between fringes. (B) Evaporating
gold films of various thickness onto 4-inch silicon wafers at an approximate
rate of 1 Angstrom/sec, and measuring the resulting changes in wafer cur-
vatures, we find that the average stress state in the gold film changes from
compressive to tensile and back to compressive during deposition.

As an example of the phenomenon of growth stresses, we show the in-

trinsic curvature observed in microscale gold panels deposited via thermal

evaporation (fig. 3.3A). When the gold panels are released from the sub-

strate and imaged using reflected light, height variations across the curved

panels create interference fringes. For the micrograph shown in figure 3.3A,

the wavelength of the light used in imaging can be used to estimate a height

variation of approximately 100 nm between fringes. We investigate the

evolution of growth stresses in thermally evaporated gold thin films us-

26



ing the wafer curvature measurement method [52], and find that the mean

stress in the gold film, which is proportional to the change in wafer curva-

ture divided by the deposited film thickness [53], changes from compres-

sive to tensile and back to compressive during deposition (fig. 3.3B). This

behavior is typical of high mobility/low melting point films undergoing

Volmer-Weber type growth, which begins with the formation of islands on

the substrate surface, and proceeds to coalescence, creating a full film [54].

While the thermally evaporated gold films serve as just one example, it

is important to note that all thin film deposition processes have associated

nucleation and/or growth mechanisms, which determine the stress state

of the deposited films. It is therefore necessary to quantify the effects of

unwanted transverse curvature on the bending stiffness of ultra-thin films

before proceeding to an appropriate design solution.

3.3.2 Stiffening Effects Due to Transverse Curvature

To estimate the effects of transverse curvature on the bending stiffness of

ALD based, ultra-thin mechanical devices, we consider the model of a slen-

der beam consisting of a homogeneous and isotropic material with elastic

modulus E. The length L of the beam is taken to be much larger than its

width w and thickness t. Under pure bending, the resulting curvature of

the beam is inversely proportional to its bending stiffness EI, where I is the

second moment of area for the beam cross section, computed about the axis

of bending [55].
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We now consider the change in the second moment of area for the beam

cross section after it is bent into a circle with radius R � t due to the imposi-

tion of transverse curvature, as depicted in figure 3.4. For the undeformed

rectangular cross section, the second moment of area for bending about the

z-axis is calculated as Iz,i =
!

A y2 dy dz = wt3/12.

Figure 3.4: Change in the rectangular cross section of a beam due to im-
posed transverse curvature. The rectangular cross section of a slender
beam with length L, width w and thickness t is assumed to deform into
a circular arc with radius R � t after transverse curvature is created.

To calculate the second moment of area for the deformed cross section,

we use polar coordinates (r, θ), defined with respect to the center of the

circular arc. We begin by computing the y-distance to the centroid of the

deformed cross section from the center of the circular arc, which we denote

with Cy.

Cy =
1

2θRt

∫ θ

−θ

∫ r2

r1

(r cos φ)r dr dφ =
sin θ
θ

(12R2 + t2)
12R

(3.1)

In the expression above, r1 = R − t/2 and r2 = R + t/2 denote the inner

and outer radii, respectively. We now proceed to calculating the second
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moment of area for the deformed cross section, for bending about the z-

axis. To do so, we integrate the square of the y-distance to the centroid

over the entire cross section:

Iz, f =

"
A
(r cos φ −Cy)2r dr dφ =

(4R2 + t2)(2θ + sin 2θ)tR
8

−
(t2 + 12R2)2t

72θR
sin2 θ

(3.2)

Noting that Iz,i = wt3/12 = θRt3/6, we obtain:

Iz, f

Iz,i
=

3(4R2 + t2)
2t2

(
1 +

sin 2θ
2θ

)
−

(t2 + 12R2)2

12R2t2

(
sin2 θ

θ2

)
(3.3)

After performing series expansions on the trigonometric functions in the

expression above and substituting w/2R for θ, we use our assumption that

R � t to simplify down to the leading order term, and arrive at:

Iz, f

Iz,i
≈ 1 +

w4

60R2t2
(3.4)

Using this result, we predict that the bending stiffness of a 2 nm thick,

10 µm wide beam will increase by three orders of magnitude if a 100 µm

scale transverse radius of curvature is imposed. Our model thus demon-

strates that the bending stiffness of a thin sheet is increased significantly

even when there is minor transverse curvature present, and exhibits good

agreement with the model developed by Pini et al. [56].
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3.3.3 SU-8 Photoresist for Fabrication of Rigid Panels

As a result of the significant effect of transverse curvature on the bending

stiffness of thin sheets, it is essential that any rigid panels bonded to our

ultra-thin devices are free of internal stress gradients. For most physical

and chemical vapor deposition methods, this necessitates careful tuning

of processes to avoid stress gradients, and is not always achievable. The

approach we present here is based on the epoxy-based, negative-tone SU-8

photoresist [57], and provides a simpler solution to this problem.

Using SU-8 to create the rigid, flat panels on our ultra-thin devices

allows us to eliminate stress gradients from the panels by adjusting the

amount of crosslinking in the SU-8 film. Following lithographic pattern-

ing, we bake the SU-8 panels to fully cure the photoresist and eliminate the

stress gradients, thus preventing the formation of transverse curvature in

our devices. In addition to being easy to spin coat and pattern with stan-

dard photolithography processes, SU-8 also exhibits excellent thermal and

chemical stability after it is fully cured [58][59]. In the processes we develop

here, we aim to create 1-2 µm thick SU-8 panels, which makes their bend-

ing stiffness over five order of magnitudes larger than that of our ultra-thin

ALD devices. Further details on relevant SU-8 processing can be found in

the appendix (A.1).

Having presented our design solution to integrate ALD based microme-

chanical devices with rigid, flat panels, we now conclude our discussion on

fabrication, and move on to discuss device characterization.
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3.4 Characterization of Micromechanical Devices Based on

ALD Nanofilms

In this section, we discuss further characterization of ALD SiO2 nanofilms.

We begin with cross sectional STEM imaging of ultra-thin ALD SiO2 films,

then move on to the mechanical characterization of free standing devices

based on ALD SiO2 nanofilms.

3.4.1 Cross Sectional STEM Imaging

We supplement the XRR measurements of film thickness discussed in the

previous chapter with cross sectional scanning transmission electron mi-

croscope (STEM) imaging of ultra-thin ALD SiO2 films. During imaging, a

focused electron beam is rastered over a thinned sample, and electrons scat-

tered from the sample are collected and used to form an image [60]. Elec-

tron energy loss spectroscopy (EELS) enables elemental analysis at each

pixel in the cross-sectional image [61], allowing verification of the ALD

film’s thickness as well as its continuity.

To prepare samples for STEM imaging, a 500 µm thick, single side

polished silicon wafer with thermally grown oxide was cleaned using a

Piranha solution. PEALD was performed on the wafer to deposit a 10

nm thick film of Al2O3 (at 200◦C, using trimethylaluminum and oxygen

plasma), followed by 20 cycles of SiO2 at 200◦C. The wafer was then cleaved

along primary axes and capped with a thin layer of amorphous carbon for
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protection during the FIB process. Capped samples were loaded into an

FEI Strata dual-beam FIB system for processing. Thin lamella milled from

the substrate were transferred to a transmission electron microscopy grid

using a micromanipulator probe. The sample was further thinned with a

low-energy ion beam incident at a grazing angle.

Figure 3.5: Cross Sectional STEM Image of ALD SiO2 nanofilm. Elec-
tron energy loss spectroscopy (EELS) analysis of the cross sectional STEM
image confirms that the ALD SiO2 film meets its target thickness of 2 nm.
Elemental signals for silicon (green), aluminum (red-seed layer), and car-
bon (blue-capping layer) have been isolated to create the color-coded EELS
map.

The prepared sample was imaged on a probe-corrected Thermo Fisher

Titan Themis Cryo S/TEM at 120 kV in STEM mode, with a 30 mrad probe

aperture semi-angle. The electron energy loss spectra were collected using

a Gatan Quefina dual-EELS spectrometer at 0.25 eV per channel. Figure

3.5 shows the cross sectional STEM image of a 2 nm thick ALD SiO2 film

grown on an ALD Al2O3 seed layer. Performing EELS analysis on the cross

sectional image and isolating the elemental signals for silicon (green), alu-
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minum (red), and carbon (blue) allows us to visualize the Al2O3 layer, the

ultra-thin ALD SiO2 film, and the carbon capping layer.

3.4.2 Mechanical Characterization of ALD SiO2 Nanofilms

To mechanically characterize ALD SiO2 nanofilms, we use arrays of ultra-

thin SiO2 cantilevers with rigid SU-8 panels bonded to their tips. Between

the SU-8 panels and the ALD films, we also include 50 nm thick evaporated

gold pads, which serve as reflective surfaces and allow us to apply forces on

the cantilevers using radiation pressure (fig. 3.6A). Here, the significantly

thicker SU-8 panels prevent the internal stress gradients of the gold films

from creating unwanted transverse curvature in the ALD devices.

We apply forces on the cantilevers by focusing a 1064 nm Nd:YAG laser

at their tips, and measure the resulting deflection by adjusting the focus of

a piezo-controlled microscope objective. The force F applied by the laser is

given by:

F = β
P
c

[A + 2R] (3.5)

where β is an experimentally determined prefactor accounting for the frac-

tion of total laser power P incident on the gold pads, c is the speed of light

in the medium, and A and R are the absorptivity and reflectivity of the sur-

face the laser is incident on. In our case, the reflectivity of the gold films

at the wavelength of interest can be taken to be ≈1. This allows us to ob-

tain the applied force from incident laser power, and create force-distance
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curves for our ultra-thin SiO2 cantilevers. The deformations observed in

our experiments are elastic, and can be repeated hundreds of times with-

out signs of plasticity.

Figure 3.6: Mechanical characterization of ALD SiO2 nanofilms. (A) To
perform mechanical characterization on ALD SiO2 nanofilms, we use ar-
rays of ultra-thin SiO2 cantilevers with reflective panels bonded to their
tips. We apply forces on the cantilevers by focusing a 1064 nm laser on
the panels, and measure the resulting deflection by adjusting the focus of a
piezo-controlled microscope objective. (B) Force-distance plot for a 100 µm
× 10 µm × 5 nm SiO2 cantilever. Once the applied force exceeds the weight
of the panel at the tip, a linear force-deflection relationship is observed.

By fitting a line to the force-distance data for a 100 µm × 10 µm × 5

nm cantilever, we obtain a spring constant of 7.5 × 10−8 N/m (fig. 3.6B).

The Euler-Bernoulli model predicts that, under an applied tip load F, a

thin beam with length L, width w, thickness t, consisting of a material

with Young’s modulus E, will experience a tip deflection δ = 4FL3/Ewt3

[62]. Including our experimental parameters in this model, we find that the

Young’s modulus of the ALD SiO2 films are comparable to the bulk value

of 70-80 GPa.
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We conclude our discussion on mechanical characterization by noting

that, remarkably, simple continuum mechanics based models remain valid

for our systems, even at this ultra-small thickness scale.

3.5 Methods for Tuning Mechanical Properties of ALD Sheets

In this section, we explore methods to tune the stretching and bending be-

havior of ALD nanofilms. We discuss the approach we use to introduce cuts

and corrugations into ALD nanofilms, and demonstrate that these modifi-

cations can substantially alter the stretching and bending behavior of ultra-

thin sheets of ALD SiO2.

3.5.1 Stretching

Introducing periodic perforations into thin sheets allows parts of the sheet

to buckle out-of plane under tension, modifying the overall stretching be-

havior [63]. In order to alter the stretching behavior of our ultra-thin SiO2

sheets, we include arrays of cuts in our device designs, which are patterned

with the rest of the sheet geometry in one lithography step. Figure 3.7

shows a patterned sheet of ALD SiO2, consisting of triangular regions con-

nected by thin strips. Flat panels consisting of a platinum - SU-8 bilayer are

bonded to the triangular regions, making them effectively rigid compared

to the rest of the structure.
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Figure 3.7: Deformation of a perforated ALD SiO2 sheet under tension.
The ultra-thin SiO2 sheet consists of triangular regions connected by thin
strips (panel 1 - inset). Flat panels consisting of a Pt - SU-8 bilayer are
bonded to the triangular regions, making them effectively rigid compared
to the rest of the structure. When the sheet is put under tension, the thin
SiO2 strips buckle out of plane, allowing this design to stretch much further
than a solid sheet of SiO2 without failing (panel 2). Even after significant
deformation, the sheet recovers its original shape after the applied force is
removed (panel 3).

Under tension, the thin SiO2 strips buckle out of plane, allowing our de-

sign to stretch much further than a solid sheet of SiO2 without failing. Even

after significant deformation, the sheet recovers its original shape after the

applied force is removed (fig. 3.7).

3.5.2 Bending

The bending stiffness of thin sheets can be tuned by introducing corruga-

tions into the sheet geometry. In order to modify the bending behavior

of our ultra-thin SiO2 sheets, we photolithographically define and plasma

etch trench patterns into the Al release layer. We then perform PEALD to

conformally deposit ultra-thin SiO2 films on top of these trench structures.
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After the sheets are patterned and released from the substrate, they retain

their corrugated geometries, and demonstrate significant stiffening under

bending.

Figure 3.8: Corrugated cross section. The parameters defining the corru-
gated cross section geometry are the total width w, thickness t, trench depth
h and trench width d.

Similar to the problem discussed in subsection 3.3.2, the change in the

bending stiffness results from the increase in the second moment of area

of the cross section. To simplify our calculations, we calculate the second

moment of area for the corrugated cross section with respect to the z’-axis

and employ the parallel axis theorem [64] to find the second moment of

area with respect to the z-axis (fig. 3.8). For a corrugated cross section with

total width w, thickness t, trench depth h and trench width d, we calculate

this quantity as:
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Iz =
(d − 2t)t3 + 2th3

3
+

(w − d + 2t)t3

12
+ (w − d + 2t)t

(
2h + t

2

)2

− ACy
2 (3.6)

where A = (w + 2h)t is the area of the cross section, and

Cy =
h(h + w − d) + t(2h + w/2)

2h + w
(3.7)

is the y-distance between the centroid of the cross section and the z’-axis.

In the systems we will discuss here, w = 2d � h and h � t. We use these

conditions to simplify the complicated expression for the second moment

of area, and obtain Iz ≈ dth2/2.

Using these results, we find the bending stiffness of a 5 nm thick sheet

with 75 nm deep corrugations to be enhanced by a factor of ∼700. To

demonstrate the stiffening of ALD SiO2 devices with the aforementioned

corrugation depth and pitch, we fabricate sheets with different corrugation

patterns, and observe their deflection when water is flowed against them.

Figure 3.9 shows stills from a microscope video feed: A row of four

ALD SiO2 devices with different corrugation patterns are cantilevered at

one end, and bonded to flat SU-8 panels at their free ends. Using a micro-

manipulator, we position a glass micropipette attached to a syringe pump

near the devices, and flow water against them. The topmost panel of fig-

ure 3.9 is overlaid with an image showing the corrugation pattern for each

device, and red arrows are included in each panel to show the flow speed

and direction.
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Figure 3.9: Flow experiment on corrugated ALD devices. A row of four
ALD SiO2 devices with different corrugation patterns (topmost panel) are
cantilevered at one end, and have flat SU-8 panels bonded to their free ends.
A glass micropipette attached to a syringe pump is positioned near the de-
vices and used to flow water against them. Red arrows in each panel show
the flow speed and direction. The deflection of each device due to viscous
drag, observed through the displacement of the SU-8 panels, is indicative
of stiffening due to the corrugations.
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As the devices in figure 3.9 are deflected by viscous drag forces, the SU-8

panels are displaced and they go out of focus. Observation of the amount of

deflection in each device demonstrates that the corrugations stiffen the de-

vices against bending about axes orthogonal to the corrugations. The sec-

ond to left device in figure 3.9 has corrugations that are parallel to the axis

of bending; therefore, it does not demonstrate any stiffening and deflects

the most at any flow speed. The second to right device has corrugations

that are perpendicular to the axis of bending, and is the stiffest, deflect-

ing by only a small amount at the highest flow speed. The leftmost device

has a hexagonal honeycomb corrugation pattern, which stiffens it against

bending in all directions. The stiffness enhancement factor for sheets with

honeycomb corrugation patterns much deeper than the film thickness sat-

urates at a value determined by in-plane feature sizes [65]. As a result, the

ALD device with the honeycomb corrugation pattern demonstrates less

stiffening and deflects more compared to the device with perpendicular

corrugations. Lastly, the rightmost device, which has two sets of longitudi-

nal corrugations separated by a set of diagonal corrugations, is observed to

bend only along its diagonal, while the remaining regions resist any bend-

ing deformation.

3.6 Summary and Conclusions

As we have demonstrated in this chapter, the high mechanical integrity,

as well as thermal and chemical stability of inorganic ALD nanofilms, com-
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bined with the versatility of planar semiconductor fabrication methods, can

be leveraged to create a variety of free-standing micromechanical systems

from ultra-thin sheets. These systems include, but are not limited to, sev-

eral nanometer thick cantilevers that are compliant enough to be deflected

by radiation pressure, perforated sheets that can stretch up to twice their

original size without failure, and corrugated plates that have significantly

higher bending stiffnesses compared to their flat counterparts. Having ex-

plored fabrication and release schemes for such microsystems, we will next

improve upon this work by engineering unidirectional self-folding with

ultra-thin ALD films, which will bring us one step closer towards our goal

of establishing a full platform for origami-inspired fabrication with ALD

nanofilms.
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CHAPTER 4

UNIDIRECTIONAL SELF-FOLDING WITH ALD SiO2 - GRAPHENE

BIMORPHS

4.1 Introduction

The approach discussed in the previous chapter enables the fabrication of

simple releasable micromechanical systems based on ALD nanofilms. In

this chapter, we discuss the development of ALD SiO2 - graphene based

bimorphs, which are capable of generating bending actuation in response

to changes in the pH and temperature of their environment. We use this

bending response to engineer unidirectional self-folding, and create simple

self-folding structures that can actuate between their flat and folded config-

urations. The work in this chapter has been published as a research article

in the Proceedings of the National Academy of Sciences [66]. The author of this

thesis is a co-author of the manuscript, and the discussion here draws con-

siderably from the published work.

4.2 Mechanics of a Thin Bilayer Strip

In this section, we discuss a model predicting the curvature of a thin bi-

layer strip due to an applied strain differential, which we will use to design

our bimorph actuators. The following is adapted from the work of S. Tim-

oshenko [67].
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In this analysis, we consider a bilayer the length of which is much larger

than its width and thickness. It consists of two layers of different materials

with thicknesses t1 and t2; and Young’s moduli E1 and E2, as shown in

figure 4.1. The total thickness of the bilayer is t1 + t2 = h.

Figure 4.1: Bending of a thin bilayer strip. A bilayer with a length much
larger than its width and thickness. It consists of two layers of different
materials with thicknesses t1 and t2; and Young’s moduli E1 and E2. The
total thickness of the bilayer is t1 + t2 = h. A strain mismatch between the
two layers leads to the formation of curvature.

If layer 2 experiences a uniform strain ε, and provided that there is

no relative movement at the interface between the two materials, the bi-

layer will bend into a concave upward shape in response. In the following

derivation of curvature, we assume that the bilayer bends into a circle, and

neglect the effects of gravity.

A free body diagram showing the internal forces and moments for the

bilayer is shown in figure 4.2. The axial forces corresponding to each layer

are labeled P1 and P2, and the bending moments corresponding to each

layer are labeled M1 and M2. Under equilibrium, it is required that the

forces and moments are balanced, which allows us to conclude that:

P1 = P2 = P (4.1)

Ph
2
= M1 + M2 (4.2)
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Denoting the flexural rigidities of each layer as E1I1 and E2I2, respec-

tively, and naming the overall bilayer curvature as κ, we can also write:

M1

E1I1
=

M2

E2I2
= κ (4.3)

Figure 4.2: Internal forces and moments in a bilayer after an applied
strain mismatch. In response to an internal strain mismatch, the bilayer
will bend into a circle with radius ρ, corresponding to an overall curva-
ture κ. The resulting internal axial forces corresponding to each layer are
labeled P1 and P2, and the resulting internal bending moments correspond-
ing to each layer are labeled M1 and M2. Under equilibrium, it is required
that the forces and moments are balanced.

Due to our assumption that there is no relative motion at the interface,

it is also required that the elongation of both materials at the bonded sur-

face are equal. For an original strip length of Lo and strip width of w, this
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condition can be written as:[
1 +

P
E1(t1w)

+
t1κ
2

]
Lo =

[
1 + ε −

P
E2(t2w)

−
t2κ
2

]
Lo (4.4)

Using equations 4.2 and 4.3, we conclude that: P = 2κ[E1I1 + E2I2]/h.

Noting that I1 = wt13/12 and I2 = wt23/12, we substitute this expression for

P into equation 4.4 and solve for κ:

κ =
1
t1

 6 E2
E1

(1 + t2
t1

) t2
t1

1 + 4 E2
E1

t2
t1
+ 6 E2

E1
( t2

t1
)2 + 4 E2

E1
( t2

t1
)3 + ( E2

E1
)2( t2

t1
)4

 ε (4.5)

The term inside the brackets in equation 4.5 depends only on the ratios of

the thicknesses and Young’s moduli of the two layers. In order to maximize

curvature due to a given strain ε at the thickness scale of choice, the term

within the brackets needs to be maximized.

As a result of the extensive characterization we have performed on ALD

grown ultra-thin SiO2 films, we choose this material as the first layer of our

bimorph prototype. Due to the its comparable bending stiffness and ability

to bend to microscale curvatures without fracture [68], as well as demon-

strated success in kirigami/origami-inspired devices [20][69], we choose

monolayer graphene as the second layer of the bimorph prototype. Our

final design choice of 2 nm thick ALD SiO2 bonded to monolayer graphene

maximizes the expected curvature while ensuring that uniform and conti-

nous films of SiO2 can be reliably deposited with equipment available to

us. In the next section, we discuss the construction of these ALD SiO2 -

graphene based bimorph actuators in detail.
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4.3 Fabrication of ALD SiO2 - Graphene Based Bimorphs

In order to fabricate ALD SiO2 - graphene based bimorph devices, we be-

gin with 100 µm thick glass substrates with 1-inch diameters. First, we

thermally evaporate a 300 nm aluminum release layer on the cleaned sub-

strates. We then grow 2 nm of SiO2 on top of the release layer using plasma

enhanced atomic layer deposition (PEALD).

We then move on to wet transfer a 1 cm x 1 cm sheet of polycrystalline

monolayer graphene onto the substrates. We begin the transfer process

with commercial monolayer graphene grown on copper foil via chemical

vapor deposition. After spin coating a supporting layer of polymethyl

methacrylate (PMMA) on top of the graphene, we place the pieces of cop-

per on the surface of a commercial copper etchant bath. Once the copper

foil is etched away, we transfer the graphene sheets, which are supported

by the PMMA film, through 4 deionized water baths, and finally onto the

previously prepared substrates [70]. We then leave the samples to air dry

and strip the PMMA film using organic solvents. This leaves the graphene

sheets bonded to the ALD SiO2 film on the substrate.

Following graphene transfer, we use contact photolithography to define

a photoresist pattern, and O2 and CF4 plasma etch, respectively, to transfer

the photoresist pattern to the graphene - SiO2 bilayer.

After removing the photoresist using organic solvents, we soak the sub-

strates in 1M hydrochloric acid solution to etch away the release layer, so
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Figure 4.3: Fabrication of ALD SiO2 - graphene bimorphs. To fabricate an
ALD SiO2 - graphene bimorph, we first deposit a 300 nm thick layer of alu-
minum onto a cleaned glass substrate. We then deposit 2 nm of SiO2 using
plasma enhanced atomic layer deposition (PEALD). Next, we wet trans-
fer a sheet of monolayer graphene onto the substrate. We then use contact
photolithography to create a photoresist pattern, and O2 and CF4 plasma
etch, respectively, to transfer the photoresist pattern to the graphene - SiO2
bilayer. We strip the photoresist and soak the samples in 1M HCl solution
to etch away the aluminum layer, releasing the bimorph devices into solu-
tion. A micrograph of a released SiO2 - graphene bimorph is shown in this
figure. The bimorph device is attached to the end of a micromanipulator
probe and it is observed to be bent into a coil shape.
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that the devices are detached from the substrate and released into solution.

This process is summarized in figure 4.3.

4.4 Actuation of ALD SiO2 - Graphene Based Bimorphs

ALD SiO2 - graphene bimorphs respond to variations in the temperature

and electrolyte concentration of their environment by changing their cur-

vature. The mechanisms behind the bimorphs’ bending response are dis-

cussed in detail in this section, and summarized in figure 4.4.

4.4.1 Thermal Actuation

The bending response of an ALD SiO2 - graphene bimorph to a change in

temperature is similar to that of a bimetallic strip [67]. Due to the different

coefficients of thermal expansion of the two layers of the bimorph, a change

in temperature results in a strain mismatch, which leads to the formation of

curvature. We show this by attaching an ALD SiO2 - graphene bimorph to

the end of a micromanipulator probe and heating the surrounding solution

by focusing a 500 mW, 1064 nm laser onto the probe tip. We observe that

the bimorph curls when heated, and the resulting curvature varies linearly

with temperature (fig. 4.4A-B).
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Figure 4.4: Actuation mechanisms of ALD SiO2 - graphene bimorphs. (A)
An ALD SiO2 - graphene bimorph device at the end of a micromanipula-
tor probe curls when the surronding solution is heated by focusing a 500
mW, 1064 nm laser onto the probe tip. (B) The strain mismatch between
the two bimorph layers, caused by differing coefficients of thermal expan-
sion, results in a linear variation of bimorph curvature with temperature.
(C) In addition to thermal actuation, ALD SiO2 - graphene bimorphs are
also capable of rapidly responding to changes in electrolyte concentration
in their environment. This allows us to create unidirectional bending actu-
ation and switch the bimorphs between a flat state and a bent state with a
10 µm radius of curvature by adjusting the pH of the solution.
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4.4.2 Electrolyte Concentration Based Actuation

In addition to thermal actuation, ALD SiO2 - graphene bimorphs are capa-

ble of rapidly responding to changes in electrolyte concentration in their

environment. Ion exchange reactions allow the association of surrounding

alkali metal or hydronium (H3O+) ions with dangling Si - O bonds in the

SiO2 layer [71][72][73]. In the cases discussed here, the association of large

H3O+ ions, present in acidic solutions, cause swelling in the SiO2 layer , re-

sulting in a strain differential on the order of 10−4 and an overall bimorph

curvature of 0.12 µm−1.

When the surrounding solution is titrated with aqueous NaOH to re-

place the associated H3O+ ions with smaller Na+ ions, swelling in the SiO2

layer is reduced and the bimorph becomes flat. The concentrations of H3O+

and Na+ ions in the SiO2 layer are determined by the equilibrium constant

pK = − log10

(
[S iONa][H3O+]
[S iOH3O][Na+]

)
. The strain ε in the SiO2 layer as a function of

electrolyte concentration is given by:

ε =
εm

1 + 10−pK+pH−pNa (4.6)

where εm is the maximum possible strain due to ion exchange. The bimorph

curvature data is best fit by equation 4.6, with pK = 3.5 (fig. 4.4C).

The ion exchange process discussed here is fast (completed in under

1 second), and reversible. Importantly, taking advantage of this mecha-

nism allows us to create unidirectional bending actuation and switch the

bimorphs between discrete bent and flat states by adjusting the pH and/or
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pNa of the surrounding solution.

4.5 Experimental Results on Self-Folding Microscale Devices

After characterization of the bending response of the ALD SiO2 - graphene

bimorphs, we move on to create microscale self-folding devices based on

these actuators. We achieve this by localizing the unidirectional bending

action of the bimorphs with photolithographically patterned, 2 µm thick,

flat SU-8 photoresist panels. This allows the creation of microscale folds,

and simple geometries that can fold and unfold in response to environ-

mental stimuli.

Figure 4.5: Unfolding and refolding of an ALD SiO2 - graphene based
tetrahedron device. Series of micrographs collected during the unfolding
(A) and refolding (B) of an ALD SiO2 - graphene based tetrahedron device,
with the flat SU-8 panels visible. The tetrahedron is capable of unfolding
and refolding rapidly in response to changes in the pH of its surrounding
medium.
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Figure 4.6: Microscale self-folding devices based on ALD SiO2 -
graphene bimorphs. ALD SiO2 - graphene based bimorphs can be used
to create various self-folding geometries by localizing the unidirectional
bending action of the bimorphs with photolithographically patterned, 2
µm thick, flat SU-8 panels. The leftmost column of this figure shows the
microscale devices attached to the substrate in their flat configurations.
The middle column shows the devices after they have been released and
allowed to self-assemble. The rightmost column shows paper models cor-
responding to each shape. The geometries we demonstrate here are the
tetrahedron (A), helices of variable pitch (B-C), book fold (D), and cube (E).
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In each microscale device, the magnitude of each fold angle is given by

the ratio of the exposed length between the SU-8 panels to the radius of cur-

vature produced by the ALD SiO2 - graphene bimorphs. Figure 4.5 shows

a tetrahedron device unfolding (A) and folding (B) in response to changes

in the pH of the surrounding solution, and figure 4.6 shows various self-

folding geometries made with ALD SiO2 - graphene bimorphs.

We note here that, the ALD SiO2 - graphene based bimorphs are capable

of generating enough moment to lift the flat SU-8 panels, even though they

are 1,000 times thicker. Moreover, devices based on these bimorphs can

function at temperatures above 100 ◦C, and over 13 orders of magnitude

variation in acid concentration.

4.6 Summary and Conclusions

The work discussed in this chapter forms the basis of our approach to

building self-folding microsystems with ALD nanofilms. We fabricate

ultra-thin bilayers and leverage the interlayer strain mismatch to obtain

a unidirectional bending response, which we use to drive self-folding. The

ALD SiO2 - graphene based bimorph devices demonstrated in this chapter

are capable of repeatedly bending down to 10 µm radii of curvature without

failure, enabling the fabrication of simple 3D geometries at the microscale.

In the next chapter, we will build further upon our lithographic fabri-

cation approach to engineer bidirectional folding, and combine our micro-
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fabrication processes with computerized origami design methods to estab-

lish a complete platform for the fabrication of arbitrarily complex origami-

inspired microsystems.
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CHAPTER 5

BIDIRECTIONAL SELF-FOLDING WITH ALD SiO2 - SiNX

NANOFILMS FOR MICROSCALE ORIGAMI

5.1 Introduction

The approach discussed in the previous chapter enables the fabrication of

simple self-folding devices with fold actuation in only one direction. The

mapping of an arbitrarily complex 3D shape to an origami fold pattern re-

quires the assignment of fold angles ranging from -180◦ to +180◦, which

necessitates bidirectional folding. In this chapter, we discuss the develop-

ment of 4 nm thick ALD SiNx - SiO2 bilayers, which can be used to engineer

bidirectional folding.

After performing curvature characterization, we develop a microfab-

rication process flow based on these bilayers, which can map arbitrary

origami designs into corresponding lithographic masks, enabling easily

scalable fabrication of complex micro-origami devices.

The work in this chapter has been published as a research article in Nano

Letters [74]. The author of this thesis is the leading author of the manuscript,

and the discussion here draws considerably from the published work.
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5.2 Design Considerations for Arbitrarily Complex Micro-

Origami

In general, the algorithmic mapping of a 3D shape to a fold pattern requires

the assignment of fold angles ranging from -180◦ to +180◦ [75][76][77].

Therefore, unidirectional fold actuation limits the space of shapes that can

be fabricated to relatively simple ones. Bidirectional folding is required to

create combinations of mountain (downward) and valley (upward) folds

found in complex origami designs (Fig. 5.1A) [78].

Here, we present 4 nm thick, ALD oxide - nitride bilayer films that

achieve bidirectional bending, and we use these films to develop a scalable

microfabrication process that can be generalized to create rigidly foldable

[79] origami. The ultra-thin ALD bilayers at the center of our approach

convert an internal strain mismatch into a bending response. Provided that

a certain bilayer stack of ALD films bends in one direction, the stacking

order can be inverted to produce bending in the opposite direction. In or-

der to create bidirectional folding, we combine ALD bilayers that bend in

opposite directions and add rigid panels to localize bending (Fig. 5.1B).

The fabrication process developed in this work is based entirely on con-

ventional semiconductor manufacturing techniques and lets us take advan-

tage of lithographic methods to pattern and release our microscale origami

devices in parallel. When released into solution, these devices self-fold into

configurations defined by prescribed fold patterns.
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Using this approach, we fabricate a variety of complex micro-origami

devices, which can withstand highly corrosive acidic environments and

processing temperatures up to 150◦C.

Figure 5.1: Bidirectional self-folding with ALD nanofilms. Mapping of
an arbitrary 3D shape to an origami fold pattern requires the assignment of
fold angles ranging from -180◦ to +180◦. As a result, unidirectional fold ac-
tuation limits the space of shapes that can be fabricated to relatively simple
ones (A). Bidirectional folding is required to create combinations of moun-
tain (downward) and valley (upward) folds found in complex origami de-
signs. We choose to experiment with the four designs highlighted in red to
demonstrate our approach can create microscale origami of variable com-
plexity. To engineer self-folding at the microscale, we use ALD bilayer
films, which convert an internal strain mismatch into a bending response
(B). If a certain bilayer stack of ALD films produces bending in one direc-
tion, the stacking order can be inverted to create bending in the opposite
direction. We create bidirectional folding by combining sheets that bend in
different directions and adding rigid panels to localize bending.
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The development of these self-folding nanofilms, together with a pro-

cess that can be generalized to create arbitrarily complex origami, extends

the full power of origami-inspired fabrication to nanoscale sheets.

We identify ALD SiNx and SiO2 as suitable materials for use in our

micro-origami devices due to their low growth stresses and similar Young’s

moduli [80]. To obtain the smallest possible sheet thickness and maximum

bending deformation, while ensuring that continuous ALD films can be re-

producibly deposited, we fabricate bilayers consisting of 2 nm of SiO2 and

2 nm of SiNx.

5.3 ALD SiO2 - SiNx Bilayer Characterization

Before using the ALD SiO2 - SiNx bilayers to fabricate origami devices, we

measure their intrinsic curvature and perform materials characterization to

verify their internal structure.

5.3.1 Curvature Characterization

Residual stresses form within the SiNx and SiO2 films due to the nucleation

and growth processes that occur during atomic layer deposition; and ther-

mal stresses form due to the elevated growth temperatures and the mis-

match between the thermal expansion coefficients of the films. A combina-

tion of these stress components gives rise to the intrinsic curvature of the
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bilayer, which we localize to create folds.

Figure 5.2: ALD bilayer curvature characterization. (A) Optical micro-
graphs of a row of five SiNx - SiO2 cantilevers before (upper panel) and af-
ter (lower panel) release. We observe that these cantilevers bend upwards
when released, and we measure the resulting curvature as 0.1 µm−1. (B)
Schematic (upper panel) and optical micrograph (lower panel) of a teth-
ered device that consists of one upward and one downward folding hinge
with equal width between rigid SU-8 panels. Since the large SU-8 panel
remains horizontal after release, we conclude that the bilayer curvature is
the same for folding in both directions.

To measure the intrinsic curvature of the ALD bilayers, we fabricate the

SiNx (bottom layer) - SiO2 (top layer) cantilevers shown in Figure 5.2A. We

observe that these cantilevers bend upwards when released, and measure

the resulting curvature as 0.1 µm−1, which is consistent with a strain on

the order of 0.01% given the thickness of the bilayer. We use this fixed

curvature value to design and fabricate the hinge shown in figure 5.3. The

magnitude of the fold angle is given by the ratio of the ALD hinge width
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between rigid SU-8 panels to the fixed 10 µm radius of curvature produced

by the bilayer. This device folds upwards to 90◦ as designed, confirming

the feasibility of our approach to creating a fold. Since the strains present

are two orders of magnitude below the fracture strains for silicon nitride

and silicon dioxide [81][82], the hinge operates elastically, demonstrating

full recovery after being deformed by an applied force.

Figure 5.3: Operation of an ALD SiNx - SiO2 hinge. A hinge made with an
ALD SiNx (bottom) - SiO2 (top) bilayer and a flat SU-8 panel folds upward
when released, identifying the device structure needed for valley folding.
The bilayer hinge operates elastically, demonstrating full recovery after be-
ing deformed by a micromanipulator probe.

Since the substrate would prevent hinges with the inverted bilayer stack

from bending down, we fabricate tethered devices that consist of one up-

ward and one downward folding hinge with equal width between rigid

SU-8 panels (Fig. 5.2B). Since the larger SU-8 panel is observed to be hori-

zontal after release, we conclude that the magnitude of the two fold angles

are equal, which indicates that the bilayer curvature is the same in both di-
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rections. This characterization is sufficient to design and fabricate any fold

with angles ranging from -180◦ to +180◦. When creating the lithography

mask designs for arbitrary origami shapes, we again use the fixed value for

the bilayer curvature to decide the ALD hinge width for each fold, regard-

less of direction. The direction for each fold is determined by the bilayer

stack order at the fold location.

5.3.2 Cross Sectional STEM Imaging

Samples for cross-sectional scanning transmission electron microscope

(STEM) imaging were prepared by focused ion beam (FIB) milling and lift-

out. A 500 µm thick, single side polished silicon wafer with 100 nm of

thermally grown oxide was cleaned using a Piranha solution. PEALD was

performed on the wafer to deposit a 10 nm thick film of aluminum oxide (at

200◦C, using trimethylaluminum and oxygen plasma), followed by 120 cy-

cles of silicon nitride at 350◦C, and 20 cycles of silicon dioxide at 200◦C. The

wafer was then cleaved along primary axes and capped with a thin layer of

amorphous carbon for protection during the FIB process. Capped samples

were loaded into a Thermo-Fischer Helios G4 FIB system for processing.

The FIB uses a semi-automated routine to mill out a lamella for attach-

ment to a TEM grid. The routine begins with ion-beam assisted deposition

of platinum in the area of interest, followed by patterning fiduciary marks

for alignment of subsequent features. Bulk material is removed around the

sample area at a beam voltage of 30 kV to produce a lamella structure for
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lift-out. A micromanipulator probe is inserted into the chamber and the

lamella structure is attached to the probe. The probe brings the lamella to a

TEM grid, attaches the lamella to the grid, and detaches the probe from the

lamella. Once attached, the lamella is further thinned in a series of grazing-

angle sequences while decreasing both the beam voltage and beam current.

Initial thinning begins at 30 kV with a current of 0.45 nA, decreases to 16

kV and 0.12 nA, decreases further to 5 kV and 41 pA, and concludes at

2 kV and 21 pA. After thinning, the sample is removed from the FIB and

stored in a vacuum desiccator. This procedure limits beam-induced sam-

ple damage and produces suitably thin samples for electron imaging and

spectroscopy.

Imaging of the prepared sample was performed on a probe-corrected

Thermo Fisher Titan Themis Cryo S/TEM at 120 kV in STEM mode with

a 21.4 mrad probe aperture semi-angle. The electron energy loss spectra

(EELS) were collected using a Gatan Quefina dual-EELS spectrometer from

50 eV to 562 eV at 0.25 eV per channel. This energy range covers the rele-

vant Si-L2,3, O-K, N-K, C-K, and Al-L2,3 edges.

5.3.3 X-Ray Photoelectron Spectroscopy (XPS)

ALD bilayer samples were also analyzed using a Scienta Omicron ESCA-

2SR XPS with operating pressure ca. 1 x 10−9 mBar. Monochromatic Al Kα

X-rays (1486.6 eV) were generated at 300W (15kV; 20mA). Analysis spot

size was 2 mm in diameter with a 0◦ photoemission angle and a source
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to analyzer angle of 54.7◦. A hemispherical analyzer determined electron

kinetic energy, using a pass energy of 50 eV for high resolution scans. Sam-

ples were charge neutralized using a low energy electron flood gun.

Figure 5.4: EELS and XPS analysis of SiNx - SiO2 bilayer. EELS analysis
(A) of the ALD bilayer confirms that the ALD nitride and oxide films mak-
ing up the bilayer meet their target thickness of 2 nm. Elemental signals
for oxygen (red), aluminum (blue), and nitrogen (green) have been isolated
to create the color-coded EELS map. The bilayer is seen on top of a 10 nm
thick layer of Al2O3, which is colored pink due to a combination of blue
(aluminum) and red (oxygen). High resolution XPS scans of the ALD film
stack further confirm the internal structure of the bilayer (B). Photoelectron
counts from the film stack (blue) are fit well by the sum (green) of two Voigt
profiles centered at Si 2p binding energy values corresponding to SiO2 (red)
and SiNx (black).

Results of electron energy loss spectroscopy (EELS) (Fig. 5.4A) and X-

Ray Photoelectron Spectroscopy (XPS) (Fig. 5.4B) analyses on the ALD film

stack used in our experiments confirm that the bilayer consists of approxi-

mately 2 nm thick layers of SiNx and SiO2.

63



5.4 Device Fabrication and Release

Combined with knowledge of the ALD SiO2 - SiNx bilayer’s internal struc-

ture and intrinsic curvature, the ability to invert the bending direction

by changing the process order makes the fabrication of mountain (down-

ward) and valley (upward) folds on separate substrates relatively straight-

forward. However, the similar etch behavior of the two ultra-thin ALD

films presents a challenge for fabricating complex patterns of alternating

fold direction on a microscopic device. During fabrication, sequential pho-

tolithography and etching steps risk damaging or completely removing

previously patterned parts of each device.

Here, we develop a fabrication process that incorporates an aluminum

etch mask to protect device layers during processing without sacrificing ge-

ometrical complexity. This approach allows us to reliably create combined

bidirectional folds, where fold angles can range from -180◦ to +180◦.

The process flow needed to fabricate a general microscopic origami

shape is outlined in Figure 5.5. We start by thermally evaporating an alu-

minum release layer onto a sapphire substrate. Then, we grow an ALD

SiO2 - SiNx film stack. Next, we thermally evaporate another layer of alu-

minum to be used as an etch mask in subsequent steps (Fig. 5.5A). We spin

coat the substrate with a standard positive tone photoresist and use contact

photolithography to define the mountain (downward) fold regions of the

origami shape.
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Figure 5.5: Process flow used to fabricate self-folding micro-origami with
ALD SiNx - SiO2 nanofilms. Our process can be used to microfabricate any
rigidly foldable origami pattern that folds simultaneously. The steps re-
quired to fabricate a micro-origami device are described using the origami
hexagon as an example: Deposit an aluminum release layer on a trans-
parent substrate, followed by an ALD SiO2-SiNx film stack and another
layer of aluminum for etch masking (A). Use photolithography to define
the mountain (downward) fold regions of the origami shape (B). Perform
plasma etching and transfer the photoresist pattern into the aluminum etch
mask and the ALD stack underneath it (C). Deposit an inverted SiNx-SiO2
ALD film stack and coat the entire substrate (D). Use photolithography to
define the ALD hinges that make up the valley (upward) folds as well as
the regions where the flat panels will be placed (E). Use plasma etching to
pattern the inverted ALD bilayer, while the aluminum mask protects the
previously patterned mountain fold regions (F). Use photolithography to
pattern 1 µm thick flat SU-8 panels (G). Device cross section after process-
ing is completed (H). Unreleased origami devices on a processed two-inch
wafer are seen as an array of points to the naked eye (I). Scale bar is 1 cm.
Immersing the wafer in an HCl solution removes the aluminum release
layer and etch mask, allowing the devices to deploy and self-fold.
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We then perform plasma etching to transfer the photoresist pattern into

the aluminum etch mask and the ALD stack underneath it (Fig. 5.5B-C).

We remove the photoresist by soaking the substrate in solvent overnight.

Next, we deposit an inverted SiNx - SiO2 ALD film stack (Fig. 5.5D).

The conformal nature of the ALD process results in a fully coated sub-

strate, which ensures the ALD films making up each device are continu-

ous. We spin coat the substrate with positive photoresist and use contact

photolithography followed by plasma etching to pattern the inverted bi-

layer film (Fig. 5.5E-F). This step defines the ALD hinges that make up

the valley (upward) folds as well as the regions where the flat panels will

be placed. During this patterning step, the mountain (downward) fold re-

gions are protected from the plasma by the aluminum mask. We leave a

3-5 µm overlap between the mountain and valley photoresist patterns to

ensure the ALD sheets making up each device are continuous. After pat-

tern transfer, we remove the photoresist by soaking the substrate in solvent

overnight.

Next, we spin coat the wafer with SU-8 photoresist and use contact pho-

tolithography to pattern 1 µm thick flat panels (Fig. 5.5G). Using the mea-

sured thicknesses and known elastic constants of our materials [80][50][83],

we estimate that the bending stiffness Yt3/[12(1− ν2)] (Y: Young’s modulus,

t: thickness, ν: Poisson’s ratio) of the SU-8 panels is five orders of magni-

tude larger than that of the self-folding ALD sheets. Therefore, the SU-8

panels are effectively rigid compared to the ALD hinges and can be used to

define flat facets for each origami shape.
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Lastly, we use an HCl wet etch to dissolve the aluminum release layer

and etch mask to release the origami devices into solution, where they

freely fold. All device layers are designed to have aligned holes expos-

ing the release layer to the etch solution, so that undercut time during the

release process is reduced.

5.5 Photomask Generation for Arbitrary Shapes

Our fabrication approach is applicable to any rigidly foldable origami pat-

tern that folds simultaneously, and allows us to design and construct a large

variety of structures. We use an extended version of the Tessellatica [84]

package to automate the lithography mask design process. Through this

software package, fold patterns modeled in Tessellatica are converted into

design files in BMP format, which are then directly imported into the L-

Edit computer aided design software to create a set of three lithography

masks [85]. We then directly incorporate each mask into the correspond-

ing lithography step in our process to microfabricate the fold patterns. The

software we use to create our lithography masks converts fold lines of in-

finitesimal width into hinges with finite width. The direction for each fold

is determined by the ALD bilayer stack order at the fold location, and the

magnitude of the fold angle is given by the ratio of the exposed length

between rigid panels to the intrinsic radius of curvature produced by the

bilayer.

67



5.6 Experimental Results on Self-Folding Microscale Devices

Microscopic origami devices of variable complexity made using the ap-

proach developed in this work are shown in figure 5.6. In each row, from

left to right, we show the fold pattern for an origami shape, a render of the

target 3D shape, a finite element model of the self-folding device, the micro-

origami device attached to the substrate in its flat state, and the micro-

origami device in its folded state.

We image our devices with an optical microscope and create the images

of the folded devices by taking a 2D projection of images collected from

different focal planes. For devices with larger panels, such as the ones in

figure 5.6A and 5.6B, we use image slices obtained with a confocal micro-

scope to create the projections to better capture the 3D geometries. Since

the self-folding ALD sheets we develop here are transparent, only the flat

SU-8 panels on each device are visible in the micrographs. Knowing that

the SU-8 panels are connected by transparent ALD hinges of finite length

in our finished devices, we infer the overall 3D shapes from the relative

positions of the panels.

We also include finite element models of the devices together with their

micrographs to visualize the overall 3D shapes by highlighting the ALD

sheets, which are otherwise not visible. The finite element models of the

origami devices are constructed using the finite element analysis software

ABAQUS. Model dimensions are matched to the device designs used in

experiments.
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Since the material thicknesses are significantly smaller than the in-plane

dimensions, shell elements are used in modeling. The ALD sheets are mod-

eled as composite sections consisting of silicon dioxide and silicon nitride,

and the SU-8 panels are modeled as homogenous sections. All materials

are assumed to be linear elastic and isotropic. In order to ensure the mod-

eled structures will have smooth deformation fields, material is removed

from the models at the vertices of the ALD sheets. Folding is simulated

by prescribing isotropic expansion to the silicon nitride layer and dynamic

effects are neglected. Displacement boundary conditions are applied to fix

the position of a single panel in each device in the simulations.

The simplest structure we experimentally demonstrate here is the

origami hexagon (Fig. 5.6A), which has six folds. The apparent discon-

tinuity of the bottom pair of edges in the folded device is an artifact of the

transparency of the ALD sheets, since the two adjacent SU-8 panels are vis-

ible, but the transparent curved hinge connecting them is not.

As a more complex example, we show the rigidly foldable duck (Fig.

5.6B-17 folds). Due to the increased density of folds near the head of the

duck, the microscopic device design we obtain from our software consists

only of ALD bilayers near the head of the duck, which makes this region

transparent. Since we can verify correct kinematic positioning of all the

SU-8 panels, we conclude that the device has self-assembled as designed.
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Lastly, we demonstrate that our fabrication process can also be used to

build structures that are an order of magnitude more complex, such as the

spacer Miura-ori (Fig. 5.6C - 71 folds), and the waterbomb (Fig. 5.6D -

120 folds) tessellation, which has the same diameter as a human hair. The

folded form of the spacer Miura-ori device has SU-8 panels tilting alter-

natingly upward and downward, separated by fully flat-folded regions, as

designed.

Due to the high density of folds in the waterbomb tessellation, the con-

version of this origami design into a microscopic device requires that most

of the structure consists of only ALD bilayers. Even though the visible

SU-8 panels constitute only a small fraction of the overall area, we can ver-

ify that the distribution of folded regions gives rise to a cylindrical folded

form with the correct aspect ratio and conclude that the device has self-

assembled as designed.

As demonstrated here, our technique permits the design and fabrication

microscale origami ranging from relatively simple shapes with less than 10

folds to complicated tessellations with more than 100 folds.

When process limitations are considered, stiction is the most important

factor affecting our device yield. During the wet release process, adhesion

between the substrate and the origami devices can lead to partial release

of devices, which prevents full deployment and assembly into the correct

target geometries.
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Figure 5.6: Self-folding micro-origami made with ALD SiNx - SiO2
nanofilms. ALD SiNx - SiO2 bilayer films can be used to fabricate micro-
origami of variable complexity. From top to bottom, the examples we show
here are the origami hexagon (A) with 6 folds, the rigidly foldable duck (B)
with 17 folds, the spacer Miura-ori (C) with 71 folds, and the waterbomb
tessellation (D) with 120 folds. The leftmost column of the figure shows
fold patterns corresponding to each origami shape, with mountain (down-
ward) fold lines drawn in blue and valley (upward) fold lines drawn in
pink. The second to left column shows renders of each folded origami
shape. The middle column shows finite element models of the expected
folded device configurations, with rigid panels represented in orange and
the transparent self-folding sheets represented in light blue. The second
to the right column shows micro-origami devices attached to the substrate
in their flat state, with dashed lines outlining each device. The transparent
ALD sheets making up the devices are visualized using false color. Regions
with SiO2 (bottom) - SiNx (top) bilayers are shaded blue, and regions with
SiNx (bottom) - SiO2 (top) bilayers are shaded pink. The rightmost column
shows micro-origami devices after they have been released and allowed to
self-fold, with the SU-8 panels colored orange. Scale bars are 50 microns.
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Similarly, the self-folding ALD sheets can stick to themselves upon con-

tact, resulting in devices that get stuck in a misfolded position, preventing

assembly into the correct target geometries. We introduce surfactant into

the solution environment to reduce these impacts of stiction. The resulting

device yield varies from about 50% for simple geometries like the hexagon

to less than 10% for complex geometries like the spacer Miura-ori. To min-

imize fabrication costs, we dice our substrates into 2 cm x 2 cm pieces con-

taining about a thousand devices each, and we experiment on one piece at

a time. The substrate and die sizes are not limited by any of our fabrication

steps, and the process can easily be scaled up by using larger substrates.

5.7 Summary and Conclusions

Overall, the approach discussed in this chapter establishes a complete

toolkit for origami-inspired microfabrication with hard materials: using

software tailored for our ALD sheets, any fold pattern can be converted

into a set of lithography masks, which can be directly included into our

process to mass fabricate the designs at the microscale. This process can

easily be generalized to include bilayers and trilayers made up of any ALD

material, as long as the individual ALD films have sufficiently small inter-

nal stress gradients so that the only significant curvature formed is due to

the strain mismatch between the two layers.

The wide material palate offered by ALD [86], combined with surface

functionalization methods, provides a way to incorporate various capabil-
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ities into devices built with this approach. This opens the door to a whole

class of deployable origami-inspired micromechanical systems that can ex-

plore and interact with their environment.
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CHAPTER 6

CONCLUSIONS

In this thesis, we have explored the development of self-folding, origami-

inspired microsystems based on ALD grown, ultra-thin sheets of inorganic

materials.

In chapters 1 and 2, we introduced photolithographic fabrication meth-

ods and atomic layer deposition technology, respectively, and discussed

how these techniques enable the simultaneous fabrication of deployable,

self-folding microsystems in large numbers.

In chapter 3, we demonstrated that the high mechanical integrity and

inherent strength of inorganic ALD nanofilms, combined with the versatil-

ity of planar lithographic fabrication methods, can be leveraged to create

a variety of free-standing micromechanical systems. After discussing the

mechanical characterization of these systems, we introduced methods to

tune their mechanical properties.

In chapter 4, we discussed the development of ALD SiO2 - graphene

based bimorph devices, which generate unidirectional bending actuation

in response to an interlayer strain mismatch. We demonstrated that this

bending response can be used to engineer unidirectional self-folding and

create simple self-folding microstructures.

In chapter 5, we demonstrated bidirectional self-folding using 4 nm

thick ALD SiNx - SiO2 bilayer nanofilms. We then discussed the devel-
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opment of a microfabrication process flow based on these bilayers, which

can map origami fold patterns into corresponding lithographic masks, en-

abling easily scalable fabrication of arbitrarily complex micro-origami de-

vices. We reiterate here that this work establishes a complete platform for

self-folding microsystems based on atomically thin films of hard materials,

and opens the door to a new class of origami-inspired systems that define

the smallest possible size scale for self-folding.

6.1 Applicability of Results to Other Material Systems

The most important result of the work discussed in chapter 5 is a fabrication

approach that can be used to create arbitrarily complex origami-inspired

devices based on different material systems, with only minor modifica-

tions to the process flow. In particular, combining aluminum and pho-

toresist masks during pattern transfer eliminates etch selectivity issues be-

tween any materials being patterned, creating an effective alternative to

area-selective ALD [87].

In general, area-selective ALD methods use surface passivation tech-

niques to selectively prevent nucleation and create patterned film growth,

thus eliminating the need for etching, and preventing any associated dam-

age. As a result, these methods can fail and allow films to nucleate at a high

number of ALD cycles. In contrast, the approach we develop here does not

require the prevention of nucleation: Regions on the substrate that are not

to be coated with the ALD film being deposited are simply covered with a
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hard mask layer. ALD growth is allowed to proceed on the surface of this

mask layer, and, if growth occurs, the unwanted film is simply removed in

the following etch step, which the hard mask is resistant to. Thus, with this

method, a two-dimensional patchwork pattern of different ALD materials,

bilayers and trilayers can be created, regardless of the ALD materials and

processes being used. The only requirement for this approach to succeed

is that the wet etch step used in removing the hard mask layer should not

damage the ALD films making up each device. Aluminum is a particularly

good material choice for the hard mask, as it can be deposited using numer-

ous different techniques and can be easily removed using both acidic and

basic chemistries, thus offering more process options to achieve sufficient

etch selectivity. Although it works well as a masking layer for most ALD

dielectrics and inert metals, aluminum can easily be replaced with another

material that is a better fit to the overall process flow, if necessary.

Importantly, the generality of this approach enables the fabrication of

origami-inspired devices of arbitrary complexity based on different combi-

nations of ALD materials, and is not limited to any specific ALD chemistry.

The versatility of this method can be used to incorporate new function-

alities brought by different ALD materials into origami-inspired microde-

vices by simply changing the ALD processing steps. The scale invariance

of origami-design principles, combined with the massive parallelism of the

fabrication strategy we have developed, makes our approach an ideal plat-

form for the miniaturization of origami-inspired machines and robotics.
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6.2 Origami-Inspired Micro-Robotic Arm as an Application

One particular application being pursued with the approach developed

here is a microscale robotic arm based on ultra-thin surface electrochem-

ical actuators (SEAs) [88][89]. SEAs, which consist of 7.5 nm of ALD plat-

inum and a 2 nm thick, sputter deposited titanium capping layer, operate in

phosphate buffered saline (PBS) solution and are capable of bending down

to several micron scale radii of curvature in response to electrical signals.

To microfabricate our design for the origami-inspired robotic arm (fig.

6.1A-B), we generate photomasks suitable for SEAs (fig. 6.1C) using our

Tessellatica package and modify our fabrication process flow to include

thermal Pt ALD [90] and Ti DC sputter deposition steps. Our design for

the robotic arm incorporates the origami-inspired surgical forceps (Ori-

ceps) [91] as the gripping element, and includes folding hinges generating

translation and tilt.

Figure 6.1D shows the first prototypes for our origami-inspired micro-

robotic arm design, which include three electrodes to address the transla-

tion, tilt, and gripping degrees of freedom, and thin, isolated strips of Pt to

carry applied electrical signals throughout the device. The three electrodes

are permanently bonded to the substrate, which makes the devices semi-

tethered. After the devices are released by wet etching the underlying Al

release layer, the electrodes make it possible to apply driving voltages by

making contact with a micromanipulator probe.
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Figure 6.1: Designs and prototypes for the origami-inspired micro-
robotic arm. (A) Fold pattern and (B) 3D model for our origami-inspired
robotic arm design. (C) Photomask patterns used in microfabrication of the
robotic arm design, generated using our Tessellatica package. (D) An array
of microscale robotic arm devices after all processing is completed. Scale
bar is 200 µm.
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These devices are currently under development. We envision that the

microscale positioning and manipulation capabilities offered by this SEA-

based micro-robotic arm can find use in lab-on-a-chip devices, tissue ma-

nipulation and minimally invasive surgery [92].

6.3 Outlook

The origami-inspired micro-robotic arm discussed in the previous section

is only one example of how our work can be expanded upon and applied

to other material systems. The versatility of our approach can be leveraged

to incorporate various other capabilities brought on by different ALD ma-

terials into origami-inspired, self-folding microsystems. These capabilities

include, but are not limited to, chemistry, temperature and biomolecule-

based sensing and actuation.

The fabrication approach we have developed here also permits the in-

corporation of different material systems in a single microscopic device,

which can be taken advantage of to create separately addressable folds and

engineer sequential self-folding. This would make it possible to define and

implement more reliable pathways for self-folding [93][94][95], enabling

the fabrication of even more complicated origami-inspired microsystems.

Since our approach is based entirely on standard semiconductor pro-

cessing techniques, it can also be extended to include on-board microelec-

tronics [88] and/or magnets [50][96]. The integration of such capabilities
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would provide additional control and actuation mechanisms, making our

micro-origami devices a powerful tool for interacting with and manipulat-

ing environments at the micrometer and nanometer scales.

Going forward, we envision that self-folding microsystems based on

ALD nanofilms can find applications in the fields of mechanical and opti-

cal metamaterials, deployable medical devices, and microscale sensors and

robotics.
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APPENDIX A

DEVICE FABRICATION DETAILS

The process discussed in this section was developed and implemented us-

ing equipment available at the Cornell Nanoscale Science and Technol-

ogy Facility (CNF). All photomasks used in the lithography steps dis-

cussed here were designed using L-Edit, and fabricated using a Heidelberg

DWL2000 Laser Pattern Generator and Direct Write Tool.

A.1 Fabrication of Microscopic Self-Folding Origami Devices

Based on Atomic Layer Deposition SiO2 - SiNx Nanofilms

1. Substrate Preparation

• Begin with a set of two-inch, double side polished sapphire

wafers.

• Sonicate wafers in acetone for 20 minutes at room temperature,

then rinse with isopropanol. Blow dry wafers with nitrogen.

2. Release Layer Deposition

• Fasten cleaned wafers onto the appropriate platen and load them

into the CVC SC4500 Combination Thermal/ E-gun Evaporation

System.
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• Once the bell jar is pumped down to 2 x 10−6 Torr, thermally

evaporate 300 nm of aluminum onto the substrates at a rate

around 15 Angstrom/sec.

• Wait 20 minutes for the samples too cool down to avoid oxidation

of the aluminum film, then vent the bell jar to atmosphere and

remove the wafers.

3. Substrate Surface Preparation and ALD Bilayer Deposition

• Clean the the Oxford PlasmaLab 80+ reactive ion etch (RIE) sys-

tem chamber by running the standard O2 RIE recipe for 10 min-

utes.

• Load the samples into the Oxford PlasmaLab 80+ RIE system and

O2 etch for 5 minutes with 275 W of power.

• Clean the Oxford ALD FlexAL atomic layer deposition system

chamber by running the O2 clean recipe at 200 ◦C for 20 minutes.

Then season the chamber by running 20 cycles of the SiO2 plasma

enhanced ALD (PEALD) process at 200 ◦C.

• Load substrates into the ALD chamber and perform 20 cycles of

SiO2 PEALD at 200 ◦C to deposit 2 nm of SiO2. Remove samples

from the ALD chamber.

• Season the ALD chamber for SiNx growth by running 50 cycles

of the plasma enhanced SiNx ALD recipe at 350 ◦C.
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• Load samples into the ALD chamber and perform 120 cycles of

SiNx PEALD at 350 ◦C to deposit 2 nm of SiNx. Remove samples

from the ALD chamber.

4. Al Etch Mask Deposition

• Fasten samples onto the appropriate platen and load them into

the CVC SC4500 Combination Thermal/ E-gun Evaporation Sys-

tem.

• Once the bell jar is pumped down to 2 x 10−6 Torr, thermally

evaporate 150 nm of aluminum onto the substrates at a rate

around 15 Angstrom/sec.

• Wait 20 minutes for the samples to cool down to avoid oxidation

of the aluminum film, then vent the bell jar to atmosphere and

remove the wafers.

5. Photolithography

• Dispense P-20 primer onto the wafers, wait 30 seconds and spin

off primer at 3000 rpm speed, with 1000 rpm/sec acceleration for

30 seconds.

• Spin coat S1813 photoresist onto the wafers at 5000 rpm speed,

with 2000 rpm/sec acceleration for 30 seconds. Soft bake wafers

at 115 ◦C for 90 seconds.

• Using the ABM Contact Aligner, expose photoresist for 3.5 sec-

onds without a filter to define the mountain fold regions of each

device.
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• Develop photoresist by immersing the wafers in AZ 726 MIF de-

veloper and agitating for 1 minute. Rinse wafers by immersing

them in DI water and agitating for 1 minute. Blow dry wafers

with nitrogen.

• Hard bake photoresist at 115 ◦C for 5 minutes.

6. Etch

• Clean the the Oxford PlasmaLab 80+ RIE system chamber by run-

ning the standard O2 RIE recipe for 10 minutes.

• Load the samples into the Oxford PlasmaLab 80+ RIE system and

O2 etch for 90 seconds with 150 W of power to descum.

• Season the the left chamber of the PT770 etcher by running the

standard Al etch recipe on the sapphire carrier wafer for 20 min-

utes.

• Mount samples onto the sapphire carrier wafer and load them

into the left chamber of the PT770 etcher. Run the standard Al

etch recipe for 2 minutes to etch through the upper Al layer.

• Load the samples into the previously cleaned Oxford PlasmaLab

80+ RIE system. Using 150 W power, O2 etch for 60 seconds, CF4

etch for 90 seconds, and O2 etch once more for 60 seconds. This

step ensures that any residual unused ALD material is etched

away, and the chlorinated/fluorinated upper layers of the pho-

toresist are removed.
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• Soak the samples in Microposit Remover 1165 to strip the pho-

toresist. Rinse wafers in isopropanol and deionized water, and

blow dry with nitrogen.

7. Surface Preparation and ALD Bilayer Deposition

• Clean the the Oxford PlasmaLab 80+ reactive ion etch (RIE) sys-

tem chamber by running the standard O2 RIE recipe for 10 min-

utes.

• O2 etch the samples for 5 minutes with 275 W of power using the

Oxford PlasmaLab 80+ RIE system.

• Clean the Oxford ALD FlexAL atomic layer deposition system

chamber by running the O2 clean recipe at 200 ◦C for 20 min-

utes. Then season ALD chamber by running 50 cycles of the SiNx

PEALD process at 350 ◦C.

• Load substrates into the ALD chamber and perform 120 cycles of

SiNx PEALD to deposit 2 nm of SiNx. Remove wafers from the

ALD chamber.

• Clean the ALD chamber by running the O2 clean recipe at 110 ◦C

for 20 minutes.

• Load substrates into the ALD chamber and perform 20 cycles of

SiO2 PEALD to deposit 2 nm of SiO2. Remove wafers from the

ALD chamber.
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8. Photolithography

• Dispense P-20 primer onto the wafers, wait 30 seconds and spin

off primer at 3000 rpm speed, with 1000 rpm/sec acceleration for

30 seconds.

• Spin coat S1813 photoresist onto the wafers at 5000 rpm speed,

with 2000 rpm/sec acceleration for 30 seconds. Soft bake wafers

at 115 ◦C for 90 seconds.

• Using the ABM Contact Aligner, expose photoresist for 3.5 sec-

onds without a filter to define the remaining ALD film regions of

each device.

• Develop photoresist by immersing the wafers in AZ 726 MIF de-

veloper and agitating for 1 minute. Rinse wafers by immersing

them in DI water and agitating for 1 minute. Blow dry wafers

with nitrogen.

9. Etch

• Clean the the Oxford PlasmaLab 80+ RIE system chamber by run-

ning the standard O2 RIE recipe for 10 minutes.

• Load the samples into the Oxford PlasmaLab 80+ RIE system. O2

etch for 30 seconds with 150 W of power to descum.

• Using 150 W power, CF4 etch for 90 seconds to remove any un-

wanted ALD material, and O2 etch once more for 30 seconds to

remove the fluorinated upper layer of the photoresist.

86



• Soak the samples in Microposit Remover 1165 overnight to strip

the photoresist. Rinse wafers in isopropanol and deionized wa-

ter, and blow dry with nitrogen.

10. Photolithography

• Spin coat SU-8 2002 photoresist onto the wafers at 4000 rpm

speed, with 1000 rpm/sec acceleration for 30 seconds. Soft bake

wafers on a 65 ◦C hot plate for 1 minute, followed directly by a

95 ◦C hot plate for 1 minute.

• Using the ABM Contact Aligner, expose SU-8 photoresist for 6

seconds using the 365 nm filter to define the flat panels on each

device. SU-8 is extremely sensitive to any roughness on the alu-

minum surface, so it is recommended that the exposure time is

recalibrated for each new batch of wafers.

• Post exposure bake on a 65 ◦C hot plate for 1 minute, followed

directly by a 95 ◦C hot plate for 2 minutes.

• Develop SU-8 photoresist by immersing the wafers in SU-8 de-

veloper and agitating for 1 minute. Rinse wafers by immersing

them in isopropanol and agitating for 1 minute. Blow dry wafers

with nitrogen.

• Cure the SU-8 panels by placing the wafers on a hot plate, ramp-

ing the temperature from 95 ◦C to 150 ◦C, holding for 5 minutes,

and cooling the hot plate to room temperature.
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11. Release

• Dice the wafers into pieces using a diamond scribe.

• Immerse pieces in hydrochloric acid (36% w/w aqueous solution,

electronic grade, with added 3 mM sodium dodecylbenzene sul-

fonate Surfactant) overnight. This will etch away the aluminum

films and detach the devices from the substrate.

• Transfer pieces from the acid solution into deionized water before

moving them to the microscope for imaging.
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