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Abstract

Silicon Grass is a nano-scale surface modification formed by self-organizing processes in plasma etch-
ing. It can be actively used to enable new functionalities or enhance the performance of Micro-Electro-
Mechanical-Systems (MEMS), Biological MEMS (BioMEMS) or Micro-Opto-Electro-Mechanical-Systems
(MOEMS). Its low-cost generation with standard fabrication equipment makes it a promising research
subject.

This doctoral thesis investigates the formation, modification and application of Silicon Grass resulting
from the cyclic Deep Reactive Ion Etching (c-DRIE) process. The central goal is the reproducible
and controlled generation as well as the selected modification of the Silicon Grass intended for specific
applications. Therefore, the work focuses on three main subjects: nanomasking - the self-organized
mechanism that initiates Silicon Grass generation, Silicon Grass processing - for controlled structure

etching and subsequent modification, and finally the integration and application in MEMS.

In order to investigate the nanomasking process and its influences and to subsequently derive a forma-
tion theory for the c-DRIE process, different morphological and chemical studies by Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM), X-Ray Photoelectron Spectroscopy (XPS) and
Auger Electron Spectroscopy (AES) as well as process analysis methods are used. It is shown that the
nanomask consists of carbon-rich, filament-like clusters, whose morphology can be changed by various
process parameters.

The reproducible generation of a nanomask in the c-DRIE is based on the controlled abrasion of the
inhibiting film in the etching step. This can be achieved by process control via Optical Emission Spec-
troscopy (OES) which allows for the initiation of nanomasking even for varying process conditions and
thus enables the transfer of the process to other systems. Various influences on nanomask formation
and morphology are investigated and it is found that the phenomenon of carbon dust formation in
CyFg polymerizing plasmas has a profound effect.

Next, Silicon Grass processing, consisting of etching and subsequent modification, is investigated. It is
shown that the characteristic geometrical features of the structures undergo significant changes during
the process. In addition, depending on the applied process parameters, the resulting profiles and the
sidewall morphology of the Silicon Grass can be changed.

Furthermore, the metallization of Silicon Grass by physical vapor deposition and electroless plating
as well as the suitability of different Silicon Grass types for mechanical bonding and infrared optical
applications are investigated.

Finally, the integration of Silicon Grass in MEMS is discussed. In this discussion, fundamental infor-
mation about possible integration methods, requirements and limitations are given. These range from
recommended technological processes to appropriate instructions for handling and general design rules.
The possible integration and practical application of Silicon Grass in MEMS is demonstrated by the

fabrication of a thermo-mechanically actuated cantilever.
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Kurzfassung

Siliciumgras ist eine nano-skalige Oberflichenmodifikation, welche durch selbstorganisierte Prozesse
wahrend des Plasmadtzes hervorgerufen wird. Sie kann genutzt werden, um neue Funktionalitdten
zu ermoglichen oder die Effizienz von Mikro-Elektro-Mechanischen-Systemen (MEMS), Biologischen
MEMS (BioMEMS) oder Mikro-Opto-Electro-Mechanischen-Systemen (MOEMS) zu verbessern. Diese
Eigenschaften in Kombination mit der kostengiinstigen Herstellung mit handeliiblichen Atzanlagen
macht sie zu einem vielversprechenden Forschungsthema.

Diese Dissertation untersucht die Herstellung, Modifizierung und Anwendung von Siliciumgras aus dem
zyklischen reaktiven lonentiefenétzprozess (c-DRIE). Zielstellung ist dabei sowohl die reproduzierbare
und kontrollierte Erzeugung als auch die entsprechende Modifizierung des Siliciumgrases, um es an
bestimmte Anwendungen anzupassen. Dabei konzentriert sich die Arbeit auf folgende drei Haupt-
themen: den selbst-organisierten Nanomaskierungsprozess, welcher die Herstellung von Siliciumgras
initiiert, die Prozessierung von Siliciumgras fiir die kontrollierte Erzeugung der Strukturen mit ihrer

anschliefende Modifikation und schlieklich die Integration und Anwendung in MEMS.

Um den Nanomagkierungsprozess und seine Einfliisse zu untersuchen und im Folgenden eine Entste-
hungstheorie fiir den c-DRIE Prozess abzuleiten, werden sowohl verschiedene morphologische und
chemische Analysen mittels Rasterelektronenmikrospie (SEM), Rasterkraftmikroskopie (AFM), Rontgen-
Photoelektronenspektroskopie (XPS) und Auger-Elektronen-Spektroskopie (AES) genutzt, als auch
prozessanalytische Verfahren eingesetzt. Es wird gezeigt, dass die Nanomaskierung aus kohlenstoffre-
ichen, filamentartigen Clustern besteht, deren Morphologie {iber eine Variation von Prozessparametern
verdndert werden kann.

Die reproduzierbare Erzeugung der Nanomaskierung im c-DRIE Prozess basiert auf dem kontrollierten
Abtrag der abgeschiedenen Passivierungsschicht im Atzschritt. Dies wird durch eine Prozesskontrolle
mittels optischer Emissionsspektroskopie erreicht, welche es erlaubt, den Nanomaskierungsprozess
selbst bei variierenden Prozessbedingungen zu initiieren und dadurch die Ubertragung des Prozesses
in andere Systeme ermoglicht.

Es werden verschiedene Einfliisse auf die Entstehung der Nanomaskierung und deren Morphologie
untersucht und festgestellt, dass dabei das Phinomen der Kohlenstoffpartikelerzeugung in CyFg poly-
merisierenden Plasmen eine grofse Wirkung hat.

Im Folgenden wird die Prozessierung von Siliciumgras, bestehend aus Strukturidtzung und anschliefsen-
der Modifizierung, analysiert. Es wird gezeigt, dass die charakteristischen geometrischen Merkimale der
Strukturen signifikanten Verédnderungen wihrend des Entstehungsprozesses unterworfen sind. Aufser-
dem konnen, abhingig von den angewendeten Prozessparametern, die resultierenden Profile und Seit-
enwandmorphologien des Siliciumgrases verdndert werden.

Weiterhin wird sowohl die Metallisierung von Siliciumgras mittels physikalischer Gasphasenabschei-

dung und stromloser Galvanik als auch die Eignung unterschiedlicher Typen von Siliciumgras fiir die
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Aufbau- und Verbindungstechnik und die optische Anwendung im infraroten Bereich untersucht.

Schlieflich wird die Integration von Siliciumgras in MEMS beschrieben. Dabei werden grundlegende
Informationen zu moglichen Integrationsverfahren, Anforderungen und Einschrénkungen gegeben. Sie
reichen von empfohlenen technologischen Prozessen bis hin zu Hinweisen fiir eine angemessene Hand-
habung oder fiir das Design von Mikrosystemen mit integriertem Siliciumgras. Eine mdgliche In-
tegration und praktische Anwendung von Siliciumgras in MEMS wird anhand eines hergestellten,

thermo-mechanisch aktuierten Cantilevers demonstriert.
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Nomenclature

Abbrevations

AC alternating current

AES Auger Electron Spectroscopy

AFM Atomic Force Microscopy

ARDE Aspect Ratio Dependend Etching

ASE® Advanced Silicon Etching

BioMEMS Biological Micro-Electro-Mechanical-Systems
CcCp capacitatively coupled

c-DRIE Cyclic Deep Reactive Ton Etching

CMOS Complementary Metal Oxide Semiconductor
DoE Design of Experiments

DRIE Deep Reactive Ion Etching

EADF electron angle distribution function

FIR far infrared

HF high frequency

TADF ion angle distribution function

ICP inductively coupled

LWIR long-wavelength infrared

MEMS Micro-Electro-Mechanical-Systems
MOEMS Micro-Opto-Electro-Mechanical-Systems
NIR near-wavelength infrared

OES Optical Emission Spectroscopy

PECVD Plasma Enhanced Physical Vapour Deposition
PVD Physical Vapour Deposition

RCA Radio Corporation of America

RF radio frequency

RIE Reactive Ion Etching

SEM Scanning Electron Microscopy

SOI Silicon on Insulator

STS® Surface Technology Systems




Nomenclature

SWIR short-wavelength infrared
TADTOP Trench Area Dependend Tapering of Profiles
TEM Transmission Electron Microscopy
TSV Through-Silicon-Vias (Technology)
UHV ultra high vacuum

uv ultraviolet

VIS visible spectrum

XPS X-Ray Photoelectron Spectroscopy
Symbols

« attenuation coefficient, thermal expansion
16} scattering angle

AT difference in temperature

A thermal conductivity

A thermal conductivity ratio

v Poisson number

10) heat flow

) frequency ratio

p density

o tensile strength

T time constant

Terit critical etch step time

Tdep deposition step time

Tetch etch step time

Topt etch step time optimum

S) contact angle

A area

A absorption

a; model parameters

AR aspect ratio

c specific heat

Ci model constants

Cin thermal capacity

D element density

Dy, wafer diameter

e surface enlargement factor

E Young’s modulus

€ model parameters (etching)
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f frequency

h, h height, mean height
k

l

extinction coefficient

length
D pressure
P, bias power
P. coil power
i model parameters (passivation)
Q flow rate
R, r radius
Rt deflection
R, average roughness
Rep deposition rate
Reien, etch rate
Rre fluor to carbon ratio (FC-ratio)
Ry maximum height of profile
Ry, thermal resistance
Ry wafer resistivity
R reflection
S selectivity
s distance
t thickness
T temperature
tw wafer thickness
T transmission
Uy bias voltage
U; input parameters
\% area coverage
VaE ratio of etched area to wafer area
w width
T output parameter
x mean distance
z height, depth
Zdep deposited film thickness

Zetch,inh etch yield of inhibiting film







1 Introduction

1.1 Motivation

The discovery of the macroscopic effects of nanometer-sized structures has led to a great popularity of
Nanotechnology in the last couple of years. Nano-structures exhibit unique properties, which enable
new functionalities (e.g. Lotus Effect) or enhance the performance of existing devices (e.g. catalysts).
These effects have become a subject of international research and have brought about the development
and commercialization of various techniques of surface engineering and technology. The machined
materials vary from metals to semiconductors, polymers and glasses. However, even though the fun-
damental research in the complex field of Nanotechnology is advanced, the marketability is still on the
way to reach its full potential. One of the reasons for this is that there is often a lack of ideas and

means for an intelligent integration in common devices.

An integration of nano-scale features in microsystems can provide a way to tap the capabilities of
‘Nano’ via the established Microtechnology. Here, the surface modification Silicon Grass is a good ex-
ample for this ‘Micro-Nano-Integration’. It is generated in Reactive Ton Etching (RIE) processes by a
self-masking mechanism, which provides an alternative, cost-efficient way to fabricate nano-structured
Si surfaces directly in the Micro-Electro-Mechanical-Systems (MEMS) fabrication process, without the
use of high-resolution lithography. Due to its appearance and optical properties the structure is called
‘Silicon Grass’ or ‘Black Silicon” and can be described as an artificial surface roughness consisting of a
high density array of needle-like features. It leads to remarkable physical and chemical properties of

the surfaces.

The effect of artificial surface roughening in RIE processes was discovered in the 1980’s, during the rise
of plasma processing techniques for semiconductor manufacturing. In most publications the roughen-
ing is described as an unwanted side effect since it strongly affects the etching and prevents accurate

fabrication. Hence, the studies deal with strategies for an effective prevention of this surface roughening.

In 1995 JANSEN et al. published the so-called Black Silicon Method [JDLE95|, a useful procedure to
optimize highly anisotropic RIE processes. Here, Black Silicon is utilized as an indicator to find the
optimal process conditions. Despite the indirect use of the structures, the prevention of surface rough-

ness is ultimately intended. However, over time more applications of the surface structure emerged.
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Today’s applications range from opto-electronics (e.g. silicon solar cells, optical sensors) and functional
elements in microfluidics or biosensors to new techniques for micro- and nanointegration. With the
rising number of these new applications and the advancements in plasma etching, the demand for

reproducible generation and control of the geometry has been steadily increasing.

In contrast to RIE, the investigated cyclic Deep Reactive Ion Etching (c-DRIE) of silicon (Si) does
not use a continuous process, but switches between two states of Si etching and the deposition of a
passivating film. This passivating film prevents the lateral undercutting of the features and guarantees
a highly anisotropic etch into depths of several hundreds of microns at high etch rates. This turns the

c-DRIE process into one of the most important bulk Si etching techniques.

The formation of Silicon Grass is also observed in ¢-DRIE processing, but the initiating mechanism, the
appearance of a so-called nanomask (also referred to as micromask), is significantly different from the
well-known RIE. The resulting Silicon Grass also exhibits different geometrical and chemical proper-
ties. To the human eye the Silicon Grass from RIE process appears black, while the one from ¢-DRIE
processes has a grayish or greenish color. This is why, within this work, the RIE Silicon Grass is
referred to as Black Silicon while the term Silicon Grass is used to describe the surface modifiaction in

general.

Because of the improved capabilities of process control in the c-DRIE process and the resulting ad-
vancement of selectivity, anisotropy and profile control, producing Silicon Grass with a wide range of
possible geometries is feasible. Therefore, the reproducible and simple generation of Silicon Grass via

the established c-DRIE process is of considerable interest.

This is where this work starts.

Goals and Structure of the Work

The goal of this work is to deepen the understanding of the initiating mechanisms for Silicon Grass
formation in the c-DRIE process. It shall provide a basis to enable a reproducible and controlled
generation of the surface modification, even for varying process conditions. Therefore, various material
analysis methods and experiments are performed to gain information about the mechanisms involved.
The findings are subsequently used to derive a formation theory of nanomasking in c-DRIE processes
(Chapter [3)).

The following objective is to enable a process control of Silicon Grass in order to be able to adjust, op-
timize and modify the structures for selected applications. Hence, experimental studies are performed
to identify relevant process parameters and analyze their influence on the formed Silicon Grass struc-

tures. As a subsequent modification, the metalization of Silicon Grass by physical vapor deposition
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and electroless plating are investigated. Finally, different Silicon Grass types are used to evaluate their
adaptability and applicability for two exemplary applications (Chapter .

Furthermore, the goal is to provide information on the integration of Silicon Grass in MEMS and
demonstrate a succesful application. Therefore, general information on requirements and limitations
as well as recommended technological processes, handling instructions and design rules are discussed.
As an example, a thermally actuated microcantilever with integrated Silicon Grass is presented (Chap-
ter |5)).

Finally the results are summarized and an outlook is given with suggestions for future works on the
subject (Chapter [6)).







2 Fundamentals

In this Chapter the fundamentals concerning this work are discussed. At first, the basics of the c-DRIE
process (Section are covered. It is the fabrication method used for the self-organized nanostructure

Silicon Grass. In Section information about Silicon Grass characteristics, is given.

2.1 Deep Reactive lon Etching

2.1.1 History

RIE of Si plays a decisive role for Micro-Electro-Mechanical-Systems (MEMS). It allows for the real-
ization of mechanical sensor structures of highly integrated sensor elements. For corresponding circuit
fabrication, standard Complementary Metal Oxide Semiconductor (CMOS) techniques are used.
Cyclic Deep Reactive Ion Etching (c-DRIE) is an advanced RIE process and was originally developed
at the beginning of the 1990’s by F. LAERMER and A. SCHILP, employees of Robert Bosch GmbH.
The process was later patented by the company in 1996 [LS96] and therefore became known as the
"Bosch-Prozess’ among experts. After this, the process was further developed by employees of Surface
Technology Systems (STS) and Alcatel Vacuum Technology and gained marketability. Since 1997,
STS has distributed the process with the appropriate equipment under the trademark Advanced Sili-
con Etching (ASE®).

The process is mainly used to generate high aspect-ratio structures up to hundreds of microns in
height to manufacture micromechanical sensor structures, electrostatic microactuators or holes for the
so-called Through-Silicon-Vias (TSV) technology. Compared to RIE, it has a better performance with

respect to etch rate, anisotropy, selectivity and process control.

2.1.2 Process Description

The c-DRIE is a dry etching plasma process that anisotropically structures Si without dependence on
the crystal orientation of the Si. Reduced damage by high energy ions, high aspect ratios (> 100)
[MRS™05], high etch rates (> 20 pm min~!) [JBUT09], large etching depths (> 500 pum) [KEF99a] and
high selectivities are realized.

Common mask materials are different types of photoresists or thermally grown silicon dioxide (SiO2).

Other materials (e.g. metals or nitrides) are also used depending on the actual requirements of the
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setup (e.g. material compatibility, layer thicknesses, selectivity).

The process consists of two repeating steps: passivation and subsequent etching. Sidewalls are protected
from a lateral undercut by the passivating film, which permits high aspect ratios. The commonly used
precursor gases are sulfur hexafluoride (SFs) in combination with oxygen (O2z) for the etching and
octafluorocyclobutane (C4F3) for the passivating step. In both steps argon (Ar) can be added to

dilute the reactive gases. Figure [2.1] gives a schematic of the process sequence. During the first process

Mask

b)

@ Silicon
FC-film

® SiO,F/SiO,

d)

Figure 2.1: c-DRIE process sequence.

step a thin passivating film is isotropically deposited on the substrate, uniformly covering the masked
structures, see Figure a). The subsequent etching is a combination of a chemical and a physical
part, where the physical component is more effective at the beginning of the etching step, see Figure
b). The directional sputtering of high energy ions leads to an anisotropic removal of the passivating
film and an increase in temperature on the horizontal areas. This enhances the chemical etching of the
affected areas and leads to an increase of the isotropic component, see Figure c). It is noted that
due to the oxygen addition in most SFg plasmas, a secondary passivation effect occurs during etching.
This passivation film consists of SiO,F), and SiO,. The process consists of the described steps, which,
through their periodic cycling, lead to the appearance of the characteristic scallops on the sidewalls,
see Figure d). A SEM image depicting these scallops in trench and hole etching is shown in Figure
If smooth sidewalls are needed, this scalloping is a disadvantage of ¢-DRIE but it can be reduced

by adequate process control [VHHR99].
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Scallops

Scallops

(a)

Figure 2.2: ¢-DRIE scalloping in a) trench and b) hole etching.

2.1.3 Kinetics

Generally, fluorine-based precursor gases are used for the dry etching of Si. Primarily, SFs and
tetrafluoromethane (C'Fy) are used. Chlorine-based gases have also been widely utilized but bear re-
duced selectivity and low etch rates and thus remain the exception for the deep structuring of Si. The
following kinetic description after [AMLS6] and [RP90] concentrates on SFg in combination with Oy

for etching and CyFg for passivation.

Fluorine radicals are generated by electron impact dissociation of SFg within the plasma. Simultane-
ously, different kinds of ions and neutrals are being formed by ionization, dissociation, recombination
and excitation reactions. The formation of negative ions by recombination or electron attachment

reactions is also possible but is neglected in this consideration:
SFs+e — SEf+SF,+F"+F+e” (2.1)
A dissociation of Oy also takes place:
Os+e” — OV +0+e (2.2)
The reaction products can further react with each other and form SO, Fy, SO, and FO, molecules:
SeFf + S, Fy+ F+0"+0 — SO.F +50,F,+ SO; 4+ S0, + FOf + FO,  (2.3)

The following Figure[2.3]schematically depicts the main reaction paths for plasmas of SFg and SFg with

O, addition: The Si is etched by radical reactions with the generated atomic fluorine (F'). Gaseous
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Figure 2.3: Main reaction paths of SFs/O plasmas [AMLS6].

products (e.g. silane SiFy) are formed:

Si+ F* — Si—nF (2.4)
Si—nF + ion bombardment —  SiFy (445 (2.5)
Sin(ads) — Sin(gas) (2.6)

The indices (ads) and (gas) account for the surface bound state and the unbound, gaseous state of the
molecule, respectively.
In addition to the chemical abrasion of Si, there is also the continuous formation of a passivating SiO9

film by the reaction of oxygen with the S7 surface:
O + Si(s) — SZ'(S)—HO — SiOn(sf) (2.7)

Here, the indices (s) and (sf) account for surface and surface film, respectively.

The subsequent fluorination of this SiO; film leads to the formation of silicon oxyfluoride (SiO,F):
SiOn(sf) +mF — SiOn(Sl)fmF (2.8)
Ion-assisted chemical etching by F' and S, F), removes this Si0,F, film:

SiOp(spy—mE +ion bombardment —  SiFyaqs) + S102Fy(qds) (2.9)
Si0:Fy(ads) + SuFy(gas) + ion bombardment —  SOy(gqs) + SiFy(gas) (2.10)

It is because of these reaction kinetics that anisotropic etching with SFg and O2 can be achieved. The

simultaneous deposition and removal of the passivating film have to be carefully adjusted to guarantee

10



2.1 Deep Reactive Ion Etching

good control of the anisotropy. This is hampered by the physical and chemical boundary conditions
(e.g. gas transport, redeposition) of the reactions which consistently change with increasing etch depth.
Therefore, other precursor gases like polymer formers (e.g. C'Fy, CHF3) or hydrogen (Hs) are intro-
duced to assist. High ion energies (several hundred eV) are needed to remove the passivation film inside
deep trenches. Standard photoresist materials have poor selectivity under heavy ion bombardment and
thus SiOy or metals are preferred as mask material for deep etching (> 100 um) in RIE.

The cyclic nature of the c-DRIE process allows for advanced process control, since the adjustment of

deposition and removal of the passivation film is possible.

Next to Cy Fg, other fluor-carbon gases like hexafluoropropene (CsFg, C'Fo =C F—CF3), hexafluoro-1,3-
butadiene (CyFg, CFo=CF—CF =CF3) or octafluorocyclopentan (C5Fg) can be utilized. Depending
on the characteristics of the precursor gas (e.g. fluor-carbon ratio, saturated/unsaturated state), dif-
ferent passivation properties are found (e.g. the difference in passivation between CyFs and CyFg
reported in [RKK™T08|). In [KGCGO§| an extensive reaction model is presented, which covers a great
amount of gas phase reactions and surface reactions. The main reactions of the passivation process are

given below.

C4Fy is fractionated by electron impact dissociation:
CiFg+e~ — CoFf +CoFy+C+F +F+F +e” (2.11)

Figure schematically depicts the main reaction paths: The different C,Fy molecules adsorb on the

CFyt
CFy* ‘ CF* C.F5
[
Nl A . / /
CFy” ~— C,F, g C,F, —— CF, —= e P
e e
o
Y
F ‘ C.F s C.F,* CF+
CoF efl
c —= c+

Figure 2.4: Main reaction paths of CyFy plasmas [VLOKO04].

surface of the substrate and form a teflon-like fluor-carbon film (FC-film):

C y(gas) + C - TLCxFy(sf) (2.12)

y(gCLS)

11



2 Fundamentals

This FC-film is continually removed by physical sputtering and ion-assisted chemical reactions with F

and O [dAg90|:

nCyFysp) + F +ion bombardment  —  CFygas) (2.13)
nCyFysp) + O +ionbombardment —  COFyg45) — COy + CFp + F (2.14)

The morphological and chemical changes of the FC-film during its removal play an important role in

this work and are therefore studied in greater detail in Chapter [l

2.1.4 Inductively Coupled Plasmas

In ¢-DRIE processing, inductively coupled plasmas (ICP) are used. The plasma is generated by an high-
frequency (HF) electromagnetic field (commonly 13,56 M Hz), which is induced inductively by a coil
surrounding or on top of the reactor. Figure shows two typical coil configurations in cylindrical and

planar arrangements. This non-capacitative coupling of power through a dielectric chamber material
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Figure 2.5: a) Cylindrical and b) planar ICP coil configuration [LLO05].

results in a low voltage drop across the debye sheaths at the electrode and the chamber walls, bringing
about lesser acceleration for the incident bombarding ions. To control the ion energy, the substrate
electrode is powered separately by a second HF source. This configuration enables independent control
of ion and radical densities (by coil power P.) and kinetic energy of the bombarding ions (by bias
power P,). The independent control and the achievable high plasma densities (101! < ng < 1012em™3)
which are five to ten times greater than capacitatively coupled RIE reactors, are the basis for the high

etch rates, good anisotropy and profile control.

Because no large-area counter electrode is used and the voltage drop across the debye sheaths is low,

the effect of contaminants from sputtered chamber material or deposits of former processes is reduced,

12



2.1 Deep Reactive Ion Etching

making ICP reactors also a preferred tool for plasma-enhanced chemical vapor deposition. In these

processes, high plasma purity plays an important role for the generation of defect-free films.

For the experiments in this work, an ICP-multiplex from Surface Technology Systems has been used,

see Figure An overview of the system parameters is given in Table 2.I]  In addition to the

gas port

quartz window

Ve |

wafer

13.56 MHz RF
matching unit

weighted T4 MUUITTLC
clamp

load lock
pumping port

e T-controlled
bellows-sealed
electrode
13.56 MHz RF _
matching unit He .coollng
inlet
Figure 2.6: ICP-multiplex from STS.
Table 2.1: System parameters.
Parameter Passivation Etching
CyFy gas flow (Qc, ) (scem) 0 — 200 -
SFs gas flow (Qsg,) (scem) - 0 — 300
O, gas flow (Qp,) (sccm) - 0 — 100
Coil power (P.) (W) 0 — 1000
Bias power (F;) (W) 0 — 300
Pressure (p) (Pa) 0—13.3
Chamber temperature (7Ts) (°C) 40
Substrate temperature (T¢) (°C) 10 — 30

controlled input parameter coil and electrode power, pressures, flow-rates, temperature and time con-
stants, several boundary conditions have an effect on the process. These conditions are for example:

chamber geometry, chamber conditioning, substrate and mask material and the geometry of the mask.

13



2 Fundamentals

Furthermore, the change in physical and chemical conditions during the ongoing etch also affects the
process. Finally, perturbations by hysteresis or instabilities can occur and pose a challenge for pro-
cess control. This is especially the case for the c-DRIE where, due to the quick exchange of process
gases and pressure, the source power network must compensate for the corresponding change in system

impedance.

2.1.5 Etching Effects

A number of publications deal with the study and explanation of etching effects in ¢-DRIE processes
that cause deviations from the desired geometry. These effects originate from the given and varying
physical and chemical boundary conditions during etching. Two of the most important phenomena
responsible for these deviations are related to transport and consumption of the precursor gases (re-
ferred to as loading) or electrical charging of the etched structures. In the following section, the most
relevant of these effects are discussed. A distinction between the causal phenomena and the resulting
effects must be made, since some of the described effects are caused by multiple phenomena occurring

simultaneously.

Loading

The loading effect describes the dependency of etch rates on the etched surface area (Macroloading)
or on local element density (Microloading) [VHKRO1]. It is caused by the faster depletion of reactive
species at etched surface areas in combination with the given gas flow of the chamber. The effect can
be reduced by supplying sufficient precursor molecules.

A radial alteration of etch rate, often referred to as the ‘Bullseye effect’, is often related to the effect
of Macroloading. Other explanations are inhomogeneous substrate cooling or radially varying plasma
densities due to a non-uniform plasma generation, which are found in ICP reactors with cylindrical
coil configurations. Figure shows the radial variation of etch rate Rese, of the STS ICP-multiplex

used for this work for different ratios of etched area to wafer area Vyg.

RIE-Lag

One of the most prominent effects is the so-called RIE-lag, which can be included in the group of
Aspect Ratio Dependent Etching (ARDE) effects. It designates the faster (negative lag) or slower
(positive lag) etching of trenches in comparison to neighboring wider ones [LJW06] [Kii00] [KF99b]
[KF99a] [JdEIG| see Figure 2.8 In the following multiple theories are given to explain this effect.

The positive RIE-lag is caused due to the reduced radical and ion flow with increased aspect ratio and
the subsequent depletion of reactive species inside of the etched trenches [CW89|. This effect is most
significant at high pressures and temperatures, where the isotropic component, and thus the lateral

etch of the sidewalls, leads to this faster depletion at the upper part of the trench. Furthermore,
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Figure 2.7: Radial variation of etch rate of the ICP-multiplex.

incident angular ions are obstructed by the mask and the sidewalls of the trenches (Ton Shadowing),
while the incident vertical ions are deflected towards the negatively charged sidewalls (Charging) and

are likewise not able to reach the bottom of the trench.

The negative RIE-lag for ¢-DRIE (also called inverse RIE-lag), is described in [CCO04]. Here, the
high concentration of C,F), radicals and the simultaneous reduction of S:,;FyJr Ions at high process
pressures are given as an explanation. They lead to an enhanced passivation at the bottom of wider
trenches causing a delayed onset of chemical etching in the subsequent etching step resulting in a slower

progression of the etch.

Bowing and TADTOP

Bowing and Trench Area Dependent Tapering Of Profiles (TADTOP) are caused by electrical surface
charging of dielectric materials (e.g. SiO2 etch mask, FC-film). The disparity between the Electron
and Ion Angular Distribution Function (EADF/ IADF) lead to an uneven charge distribution inside
the etched trenches. Due to the broader distribution of the EADF compared to the TADF, a significant
amount of angular electrons is obstructed by the sidewalls, and thus is unable to reach the trench
bottom. This results in a positively charged bottom and a negatively charged upper portion of the

sidewalls. These charges affect incoming ions which are deflected towards the sidewalls. A negatively
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tapered profile is caused (bowing). The influence of the trench width (aka. critical dimension) on
bowing is referred to as TADTOP [JdE96|. Here, the charges on the sidewalls of smaller trenches
attenuate or even cancel each other, thereby reducing the effect. Figure a) gives an example of
both types of RIE-lag as well as bowing. The negative RIE-lag in the outermost trench on the left is
explained by the differing flank angles of the fotoresist mask.

(a) (b)

Figure 2.8: a) RIE-lag and Bowing, and b) Tilted Silicon Grass

Trenching and Notching

Likewise bowing and TADTOP, trenching and notching are caused by the uneven distribution of charge
inside the structure. That is why these effects often occur simultaneously. During the etching of low-
doped S% or the incomplete removal of the FC-film, a pronounced positive charge can build up on the
trench bottom, because the accumulated charges are not drained. While incident ions are deflected to
the sides hitting the sidewalls or their base point, non-reacted, scattered angular ions are also hitting

this spot, causing a characteristic curved trench bottom.

Notching is observed in etching Silicon On Insulator (SOT) substrates and occurs at the moment when
the dielectric layer is reached [HG97]. The mechanism is basically the same as described above but
the deflection of the ions can get so intense that ions perpendicularly hit the sidewalls causing a

characteristic profile (‘elephant foot’).

Bottling

Bottling is mainly observed at higher process pressures and is ascribed to ion shadowing and a sharp-

ening of the IADF inside the trench. The frequent contact of angular ions with the sidewalls leads to
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a high reaction probability of these species, thus depleting them rapidly. At a certain aspect ratio and

critical angle, scattering and sticking become more probable and a change in profile occurs [JAE96).

Tilting

The tilting effect describes the tilted etching of trenches. It is related on the one hand to the distortion
of the electromagnetic field by the clamp ring or other peripherals, on the other hand on local differences

of radical densities in the gas flow. Figure b) shows the effect of tilting on Silicon Grass.
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2.2 Silicon Grass - a Self-Organized Nanostructure

A multitude of methods to fabricate micro- and nanostructured silicon surfaces are described in liter-
ature. They can be classified into organized and self-organized methods. Here, the term ’organized’
describes a fabrication method where fundamental geometrical properties (e.g. shape, arrangement
and density) are defined by an additional process step (e.g. lithography). In the context of this work,
the term ’self-organized’ is used to designate a process where the complexity of the structures is not
directly managed by an outside source, but arises from physical and chemical principles dominating
the system. The advantage of self-organized fabrication is the abandonment of additional techniques
to define the geometries and consequently the independence from limiting factors of these techniques
(e.g. resolution). However, the possible geometries of self-organized structures are given by in-process
relations and interactions and therefore are mostly limited and difficult to control. In respect to plasma
processes, the complexity of internal interrelations, effects and interference factors of a system can lead

to instabilities, fluctuations or even breakdown, preventing a reproducible fabrication process.

Silicon Grass is a surface modification consisting of a high density array of needle-like nanostructures,
created in a self-organized process. The phenomenon is originally described as an unwanted side-effect
of RIE etching. Since the middle of the 1990’s, this special form of surface roughness has successfully

been used for various applications

2.2.1 Discovery and Formation

The effect of roughening of silicon surfaces in RIE processes was already described in the middle of the
1980’s [RTM™86] [OSJ86]. Because of the microscopic appearance and the low reflectivity in the visi-
ble spectrum, the terms ‘Silicon Grass’ and ‘Black Silicon’” were established. Figure 2.9] shows typical
Silicon Grass from RIE and c-DRIE processes. In several studies that followed, different theories about
the origin of Silicon Grass were developed and discussed. The majority discussed the occurrence of a
so-called nanomask (also referred to as micromask) as explanation for the origination of the structures.
Depending on processes and systems, this nanomask is caused by different mechanisms. In chlorine-
based RIE, the nanomask is found to consist of redeposited, oxidized etch products [ORP90] or of
hydroxyl groups (SiOH) [T'SFGS89|. Furthermore, sputtered material from masks, electrode, chamber,
clamping mechanism or general chamber contamination are determined to be responsible. An increased
aluminum (Al), O and F concentration is detected by Auger Electron Spectroscopy (AES) within the
nanomask, proving sputtering of chamber materials to have a significant effect [OSJ86]. In [RTM™86]|

clusters of aluminium oxide (AloO3) and SiO; are cited.

Another formation mechanism is presented in [HSUM9S|, where Silicon Grass formation in bromine-
based plasmas is studied. Here, interstitial oxygen atoms inside the silicon substrate are assumed

to be nucleation zones for the nanomask, since a distinct dependence of structure density on oxygen
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Figure 2.9: a) RIE and b) ¢-DRIE Silicon Grass.

concentration of the silicon is found. Organic contaminates or the incomplete removal of the natural

oxide can also lead to a nanomask, if no pre-cleaning and treatment with hydrofluoric acid is performed.

Silicon Grass is especially observed in strongly anisotropic etching processes where a passivating chem-
istry is used. For these processes, the incomplete removal of the passivating layer is the primary reason
for the nanomask. It is this mechanism which can be utilized to generate Silicon Grass in a controlled

manner.

The numerous studies show that the effect of nanomasking cannot be attributed to a single phenomenon
or mechanism. In fact, it is the configuration of the process and the system, which brings forward one
of the explanatory models. Nearly all theories share the origination of a nanomask, consisting of a
distribution of clusters with a material of high selectivity relative to Si. By this, a nucleation site for

the following structure formation is being generated.

Because Silicon Grass formation disturbs the homogeneous etching in fabricating defined structures,
most publications focus on different strategies for its prevention [RLI5| [BS03]. In [LWS0] a repro-
ducible generation of Silicon Grass in chlorine-based plasmas is described. Here, the precipitation by
local polymer group formation is surmised to be responsible for the nanomasking. Because of the
good reproducibility and regularity, the authors already speculate about a possible utilization of the
structures (‘Random Microfabrication’).

In 1995 JANSEN et al. published the ‘Black Silicon Method’ [JDLE95], a technique to optimize plasma

etching processes. Here, the occurrence of Black Silicon is used as an indicator to find the proper oper-
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ating point of an RIE etching process. Hence, the structures are not actively used but their formation

is avoided to guarantee smooth trench bottoms.

Applications which make active use of the structures have emerged since the late 1990’s. In this
regard, several publications deal with the controlled initiation and control of the surface modification.
The methods range between various organized [LHET07] [CNRWO06] and self-organized techniques,
described in the following. In [KMOQ] two additional process steps are used: doping of the silicon
substrate with high energy nitrogen ions to cause crystal defects and a subsequent oxidation to generate
oxygen clusters, because the oxygen is precipitating at the interstitial nitrogen atoms. Others use
the liquid flame spray production of silica nanoparticle agglomerates [SKAT0T7| or deposited metals
such as Au [THKK97| and Ni [FMM™T09] to introduce nucleation sites on which formed reaction
products condense preferentially and form etch masks. In [DMT™05], [GS06] and [aTMOS]| a variation
of process parameters is used to influence the Silicon Grass formation and its properties. Another
method uses femto- and nanosecond-pulsed laser-assisted plasma etching to generate Black Silicon
[HEWT98| [SCCT03] [CCW™04]. Here, a different formation mechanism in contrast to the already
described methods is assumed because the involved energy densities are orders of magnitude higher

and a liquidation of S7% is supposed.

2.2.2 Applications

Numerous applications use micro- or nanostructured functional surfaces consisting of an array of needle-
, pillar- or pyramid-shaped structures. Because the focus of this work is on c-DRIE Silicon Grass,
the following overview covers applications which utilize this surface modification generated in plasma
processes. Table shows the typical geometrical properties of Silicon Grass from RIE and c-DRIE

processes.

Table 2.2: Typical geometrical properties of Silicon Grass from RIE and c¢-DRIE.

Property RIE c-DRIE
Height (um) 0—2 0—25
Diameter on top (nm) <5 > 5
Diameter on bottom (nm) 100 — 400 700 — 2000
Density (um™?2) 10 — 20 1—2
Surface smooth ribbed

Optical and Opto-electronic Applications

The exceptional low reflectivity of the surface modification makes it a promising anti-reflective coating

or absorber for Micro-Opto-Electronic-Systems (MOEMS) and other types of opto-electronic devices.
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In particular, the application for silicon solar cells has been studied extensively: at first for mono-

crystalline cells [BTHT98| [SLS00] and later for poly- and multi-crystalline cells [RZNT05] [YKT*08|

as well as for Si thin-film technology [KBS06]. A significant enhancement of efficiency was achieved.

The downside of the technology is the high cost of reactive plasma fabrication techniques compared to
established, wet-chemical etching processes. Since high quantities and large surface areas have to be
processed, different methods for parallel processing like barrel etching [aTMOS| or special, customized
systems for parallel planar plasma etching were developed and evaluated . Furthermore,
Silicon Grass is used to optimize Si photodiodes [MWMT06] or sunlight sensors [LBMMO05], where the

nanostructure can eagily be implemented in the CMOS fabrication process.

Microfluidic and Biological Applications

The high surface area enlargement and good control of surface energies by additional modification (e.g.
FC-coating) make the nanostructure a promising functional element for microfluidics, micro-reactors or
bio-sensors. It is possible to selectively generate super-hydrophobic or super-hydrophilic areas within
microfluidic channels. In [SFKT06], [SKAT07| and [RDM™08| Silicon Grass is utilized as a catalytic
structure for microfluidic systems. In combination with S% nanowires, Silicon Grass can be used to
enhance the interface between Si and biological cells [CSWF07]. Figure a) shows the accretion of

chinese hamster ovary cells (CHO-cells) on the treated surfaces. The possible media transport between

the nanostructures and the 3-dimensional nature of the interface allow for new concepts of bio-sensors

or bio-electronics [KNK™07].

(b)

Figure 2.10: Applications of Silicon Grass. a) CHO-cells on Silicon Grass [CSW*07] and b)

Silicon Grass as Nano-Velcro®.
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Another potential application is the development of new handling techniques for droplet-based biolog-
ical analysis systems, which utilize electro-wetting or electro-capillary methods in combination with
the nanostructured surfaces [FZ07]. Finally, the increasing importance of 3-D integration techniques
(e.g. chip-stacking) pose a challenge to the cooling of such highly integrated devices. Here, the imple-
mentation of Silicon Grass inside of microfluidic channels can enhance the heat transfer between chip
and cooling agent [DLM™07].

Application in Packaging Techniques

In recent years, the field of applications has expanded and incorporated packaging techniques. In
[SFKT06] a new type of bonding technology is presented that is based on the mechanical adhesion of
a form-fitted bond of Silicon Grass and can be applied on wafer level at room temperature, see Figure
b). At low contact pressures, the method is reversible, allowing for a repeated assembly of treated
parts. With this method, several devices can be reversibly fixed on a treated substrate by means of
a Nano-Velcro®. Retention forces up to 20 M Pa are achieved, comparable to low level adhesives. A
significant influence of the Silicon Grass geometry is expected, which is covered in Section [.3] Hence,

the improvement with geometrical optimization is possible.

The method also enables the bonding of Si with other materials such as polymers [SFKT07| and
ceramics [FAPT08|. These material combinations allow new concepts for the design and development
of MEMS and offer great potential in the field of micro- and nano-integration techniques. It is, for
instance, possible to fabricate new hybrid substrates consisting of several layers of different materials.
In this way, different material properties can be utilized effectively within one system, avoiding the
problems of packaging and integration in subsequent process steps of standard hybrid fabrication
techniques.

The bonding further allows the efficient coupling of polymer tubing to micro-reaction systems based on
Si without the necessity of additional adapters. By this method, the occurrence of dead volumes, which
often represent a disadvantage of standard fluidic coupling techniques, can be minimized [SEVT09).
Finally, an alternative to conventional flip-chip techniques is presented in |[SZMT06]. Here, Silicon
Grass is used to establish a solder-free electrical, mechanical and thermal contact between an opto-

electronic device and a carrier substrate.
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Grass Formation

Self-organized Silicon Grass formation in plasma processes is caused by nanomasking (see Section [2.2)
and plays an important role in S¢ etching. Therefore, it is subjected to an in-depth analysis within

this work.

This chapter starts with a theory for the origin and the formation process of nanomasking in c-DRIE
processes (Section . Different surface analysis methods such as Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM), X-Ray Photoelectron Spectroscopy (XPS) and Auger Elec-
tron Spectroscopy (AES) are performed to investigate the morphology and chemical properties of the
nanomask (Section . The nanomasking process is also studied by Optical Emission Spectroscopy
(OES) and pyrometry. In a series of experiments, the influence of various process parameters on
the morphology of the nanomask is investigated to draw conclusions for the formation (Section [3.3)).
Furthermore, a method to generate the Silicon Grass in ¢-DRIE at various parametrical settings is
proposed. Finally, a set of studies that are conducted to clarify other relevant influences on the

nanomasking process are discussed (Section [3.4]).

3.1 Formation Theory

Different nanomasking techniques have been investigated in literature ranging from lithographic meth-
ods like e-beam [LHET07| or nanosphere lithography [CNRW06] to self-organized methods like oxygen
precipitation [KMO00], flame spraying [SKAT07], metal deposition [FMM™09] [THKK97]|, sputtering of
the reactor walls [MCO8] and more. Hence, depending on process chemistry, parameter settings and

equipment, the nanomasking in c-DRIE can be produced by several different phenomena, as follows:

Cluster of a deposited passivation film

Adsorbates of sputtered materials from mask, electrode or chamber

Crystallographic defects within the substrate material

Adsorbates of oxidized etch products
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e Contaminants or incompletely removed nature oxide

In order to derive a formation theory for the c-DRIE process, the morphological and chemical analysis

in Section [3.2] the results of the described process analysis in Section and the various findings of

different single tests covered in Section are combined. The key findings are listed in the following

1temization:

After one process cycle at the etching-passivation equilibrium, a distribution of clusters is found

on the substrate. (Section |3.2.1])

During the second cycle the clusters develop into filament-like structures. (Section [3.2.1))

The filament-like structures act as nanomask; its amorphous morphology is transferred into the

Si via etching. (Section [3.2.1)

The surface morphology develops from a fine grainy to a larger clumpy structure within the

cycles. (Section [3.2.1)

The FC-ratio Rp¢ of the clusters is measured to be 0.38 dependent upon a high number of C—C
bonds, whereas the C'— F; bonds are all close to the detection limit. (Section [3.2.2))

No Al is found inside the nanomask, ruling out sputtered chamber material as the source for
nanomasking. (Section [3.2.2)

The adsorbed S from the etching step does not account for nanomasking. (Section [3.2.2)

Nanomasking is introduced when etching and passivation yield are approximately in equilibrium.

(Section [3.3.4))

Nanomasking on unmasked substrates can be controlled by in situ OES, monitoring the emission

line of F(703.8 nm) to set up the appropriate time constants. (Section [3.3.4))

Shifting the working point within the nanomasking process window results in different morpholo-
gies of the nanomask. (Section [3.3.5))

The nanomask morphology is more affected by a change of deposition step time 74, and passi-
vation coil power P, than by a change of bias power during etching P,. Densities up to 32 pum =2

are reached. (Section [3.3.5)

Carbon dust formation and/or film flaking act as an additional nanomask, observed at high
values (>12 W) for bias power during etching P,. (Section [3.4.1)

Natural oxide has a significant influence on the onset of nanomask formation, since it leads to a

quick surface roughness development. It is not necessary for nanomasking. (Section [3.4.2))
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e Adding oxygen as a precursor gas shifts the plasma chemistry towards stronger etching and thus
affects nanomasking. (Section [3.4.2))

e Removing organic substrate contaminations by wet chemical treatment has no effect on nanomagk

formation. (Section (3.4.3)

e Masking affects nanomasking by its influence on geometrical and chemical properties of the

substrate surface. (Section [3.4.4))

From these key findings it is concluded, that nanomasking in the Silicon Grass process is initiated by
the incomplete removal of the deposited inhibiting film. The remaining material consists of carbon-rich
clusters, whereas the absence of F' in the nanomask is due to the low F' content of the first several
monolayers of the deposited FC-film and ion-induced defluorination during the following etching. A
low FC-ratio indicates a high etch resistance beneficial to nanomasking. The initial morphology of the
nanomask is defined by the morphology and laterally varying chemical composition of the deposited
FC-film in the first two cycles. It can be influenced by process control to generate different types of
nanomasks. Nanomasking depends on every process parameter affecting the etching-passivation equi-
librium. Because the abrasion of the inhibitor depends strongly on the angle of the incident ions, the
overall removal of inhibitor becomes less effective as areas with off-normal orientation are introduced.

It follows that, once a certain surface roughness is reached, nanomasking perpetuates itself.

Figure graphically depicts the Silicon Grass formation theory derived from the findings of this
work. In the first cycle a distribution of carbon clusters remains on the surface. They are expected
to originate from carbon-rich macro molecules being generated in highly polymerizing plasmas such as
CyFy [SSTO8|, [TT01a], [TT01b], [TT02]. Due to an increased polymerization rate at the remaining
carbon clusters, filament-like structures develop at these sites during the second cycle. This has also
been observed to take place on top of Silicon Grass needle tips in [ASOS].

No Si is etched but SiO.F,, SOF,, CF, and COF, are formed as etch products from the natural
oxide and FC-film. It is assumed that Si0, F} readsorbs on the clusters increasing their etch resistance.
In the c-DRIE process utilized, St etching sets in at the end of the third cycle, drastically affecting
the surface roughness. Etch products now consist mainly of SiF, and CF,. After that, the created
roughness affects deposition and subsequent inhibitor removal. Crests and vertices receive a greater
flux of CpF, precursor molecules, creating a slightly thicker top while the abrasion at the flanks of
the features is reduced during etching. Depending on the etching passivation equilibrium, the individ-
ual features get larger (stronger passivation), eventually overgrowing one another, or they get thinner
(stronger etching), where smaller features are etched away at some point. In any case, the structure

density decreases in the process.

A reduced structure density with an increasing number of process cycles is observed for every paramet-

rical setting. In Chapter {] this effect is discussed, where Silicon Grass density progression is analyzed
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3 Nanomasking - Initiation of Silicon Grass Formation

throughout the 75 cycles of the Silicon Grass process. It is found that in addition to density, other
geometrical properties (e.g. sidewall morphology) of the resulting Silicon Grass can also be influenced
by process parameters, which makes the c-DRIE a proper process for the generation of adapted Si

surface nanostructures.

Cycle Passivating Etching
CXF */ CX* SiO,F, SFX*/ F* CF,
cluster Vs yﬂ, Y SOF % | | §COF"
2

TN . e s oRen
! - _

filaments  » 5 qé 1ol %
2 @ Si
@ Sio,
C,F, (high Rg0)
3 B CF, (lowRgo)
4+

Figure 3.1: Sketch of Silicon Grass formation in c-DRIE processes.
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3.2 Surface Analysis

In the following section the morphological and chemical analysis of the nanomask by SEM, AFM, XPS
and AES is covered. The tools utilized are listed below:

e Scanning Electron Microscope (SEM), Type S 4700, Hitachi High-Technologies Corp.
e Atomic Force Microscope (AFM), Type Atos, NT-MDT Corp.
e X-Ray Photoelectron Spectrometer (XPS), special design (description in Section [3.2.2))

e Auger Electron Spectrometer (AES), Type VG 350, Thermo Fisher Scientific Inc.

Probes are prepared by processing silicon substrates ((100), diameter 100 mm, thickness 525 pm,
resistivity 7 — 10 Q e¢m, doping n-type phosphorus) in the ICP-multiplex from Surface Technology
Systems shown in Figure The parameters of a Silicon Grass generating process are given in Table

B.1

Table 3.1: Silicon Grass generation process parameters.

Parameter Passivation Etching
Qc,r, (scem) 85 -
Qsr; (scem) - 130
Qo, (sccm) - 13
Step time (7) (s) 11 9
P. (W) 450 450
By (W) - 12
p (Pa) 2.5 4.3
Te (°C) 40

Ts (°C) 20
Process time (min) 25

3.2.1 Morphology Analysis

SEM Measurement

To investigate the morphology of the nanomask, the standard Silicon Grass process is stopped after
one, two and five cycles. The obtained substrate surfaces are analyzed by SEM, see Figures
and 3.4

After the first cycle a distribution of clusters is found on the surface, see Figure The morphology

then changes into filament-like structures at the end of the second cycle, see Figure|3.3] They appear as
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Figure 3.4: SEM of the nanomask after five cycles; magnification a) x25k and b) x150k.
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3.2 Surface Analysis

Figure 3.5: SEM of the nanomask after five cycles with coarser structures (45° view); magnifi-
cation a) x2bk and b) x100k.

branching and curled formations, resembling amorphous polymer chains left over after etching. After
five cycles the morphology and arrangement of the amorphous structures is reproduced into the silicon
surface, although the structures get coarser and cascaded from the cyclic etching, see Figure [3.5]

Depending on the process parameters, the density can vary, which is discussed in greater detail in
Section [3:335] It is found that with stronger etching the nanomask is coarser, whereas the individual
structures are higher. This is explained by the disappearance of smaller structures and the appearance

of deeper trenches with stronger etching.

AFM Measurement

To further characterize the morphology, AFM measurements are taken after two, five and 15 cycles,
see Figure[3.6] The measurement is done in semi-contact mode at a scan speed of 2m/s for a scanned

area of 2 x 2 um?.
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Figure 3.6: AFM of the nanomask after a) two, b) five and ¢) 15 cycles. Scanned area: 2x2um?.
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The following Table gives an overview of the parameters maximum height of profile R; xas and
average roughness R, yyr of the scanned area. It is clearly seen that the surface morphology develops
from a fine grainy to a larger clumpy structure within the cycles. R4 na scales from about 6.5 nm
after two cycles to about 53.9 nm after 15 cycles. After five cycles some clusters seem to dominate in
the process, finally overgrowing neighboring ones.

The findings are compared to the AFM study of a thin (= 50 nm) deposited FC-film before etching,

see Figure [3.18]

Table 3.2: AFM results characterizing the nanomask.

Parameter 2 cycles 5 cycles 15 cycles
Ry yy (nm) 60.0 251.0 436.1
Ry Ny (nm) 6.5 32.4 53.9

Radial Inhomogeneity

An investigation of the surface after the five cycle nanomasking process reveals a radial inhomogeneity
of morphology across the wafer. As one progresses from the rim towards the center, it changes from
rougher, coarser features towards smoother ones, which cover a greater part of the surface. Figure

shows the surface after a five cycle nanomasking process at three different radial wafer positions.

Figure 3.7: Radial inhomogeneity of the nanomask: a) Center, b) R=20mm and c) R=40mm.

Since nanomasking is a delicate process which is easily affected by slight changes in the etching-
passivation equilibrium, this inhomogeneity is attributed to a non-uniform etching of the c¢-DRIE
process. The inhomogeneity perseveres from the nanomask to the resulting Silicon Grass, whereas the
effect is significantly reduced for a small silicon load of masked substrates. This further supports the

influence of radially inhomogeneous etching.
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3.2 Surface Analysis

Radial inhomogeneity can become a considerable disadvantage of plasma-etched, self-organized nanos-
tructures since it limits the reproducibility of the structure geometry, narrows the possible process
window for a successful generation and hinders the prospect of influencing the generated structure ge-
ometry in a controlled manner. Therefore, plasma etching systems with good uniformity are preferred
for controlled Silicon Grass generation. Because the uniformity of the I[CP-system utilized is relatively
poor (see Figure compared to ICP systems of most recent development, the problem of uniformity

should pose no significant problem.

3.2.2 Chemical Analysis

XPS Measurement

In order to clarify the elemental composition and the predominant chemical bonds of the nanomask,
different XPS measurements are performed and compared to measurements of solid, deposited FC-
films. The process parameters are given in Table [3.3] Parameters which are not listed are the same as
given in Table

Table 3.3: Comparison of process parameters of the nanomask and a solid FC-film.

Parameter nanomask FC-film

passivation etching passivation

Qo (scom) 85 - 85
Qsr, (scem) - 143 -
Qo, (scem) - - —
7 (5) 9 5.3 9
P. (W) 450

P, (W) - 18 -
p (Pa) 2.5 4.3 2.5

The XPS module used is a customized UHV tool operating at a base pressure below 2 x 1078 Pa using
a monochromatic Al(K «) radiation source (Type PHI 10-60E, Omicron) operating at 300 W and an
acceleration voltage of 14 kV (Monochromator XM1000). The emitted electrons are analyzed at a
take-off angle of 53° (with respect to the surface normal) by a hemispherical electron energy analyzer
(Type EA 125, Omicron) at a constant pass energy of 50 eV (survey spectra) and 15 eV (core level
spectra). For a pass energy of 15 eV the chosen operation conditions lead to a total energy resolution
of 0.6 eV, which is determined by measurements on Ag3ds, at a polycrystalline silver sample. For
data analysis the measured curves are fitted by a Gaussian-Lorentzian function while a Shirley-type

background is subtracted.
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Figure [3.8] shows the XPS survey spectra of the nanomask. A detailed analysis is done by high reso-
lution scans of the F'1s, C'ls and O1ls peaks (core level spectra). For the nanomask the S2s and Si2p
peak are also inspected. Due to a slight surface charging of the insulating FC-layer, the spectra are
shifted. The nanomask spectrum is shifted (shift < 0.3eV’) and aligned at the Si2p peak (Si2p3/, com-
ponent) at 99.4eV (literature value for (100)Si taken from [MSSB95|), while the solid FC-film is shifted
about 2eV and aligned at the F'1s peak at 689.0eV according to previous works on fluorocarbon films
[HYOT08| [MSSB95]. The shifts are subsequently applied to the high resolution scans. Within ex-

perimental time, no considerable peak shape change due to degradation by x-ray irradiation is observed.
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Figure 3.8: XPS measurement overview of the nanomask and a solid FC-film.

The chemical structure is defined by the elemental composition and the existing chemical bonds inside
the layers. Figure [3.9] compares the F'ls spectra of the nanomask and the solid FC-film. Whereas for
the solid FC-film a single peak for F—C'is found (which is used for the spectrum alignment at 688.9¢eV
described above), the spectra of the nanomask reveals a double peak structure. The peaks are ascribed
to F—C (688.9 nm) and F'—S (687.8 nm) bonds, since adsorbed SF} is expected after etching with
SFs [TCCG99).

A strong distinction between the two samples can also be found in the C'ls spectra shown in Figure
3.10] Whereas the solid FC-film is composed of C—F3 (293.5eV), C—F5 (291.4eV’), C—F (289.1eV) and
C—(CF,), (286.7¢€V) bonds, the nanomask reveals mainly C—C' (284.7 eV') bonds (all bond energies
taken from [PKL794]). It also contains some C'—F, bonds as the small peaks near the detection limit

at the corresponding positions indicate. No recognizable peaks can be found for C'—Si (283.4 V) or
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Figure 3.9: F1s peak comparison of the nanomask and a solid FC-film.
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Figure 3.10: Cls peak comparison of the nanomask and a solid FC-film.
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C—(CF,)y. It is also noted that no peak for Al is observed, thus ruling out AlF3 as responsible for

nanomasking as reported in [OSJS6].

The spectra of the solid FC-film is typical for CyFy plasma passivated films and similar results are
known from literature [TT01a] [YKOT04] [LDBT04]. All types of bonds range in the same order of
magnitude in the frequency of their occurrence. Assuming a homogeneous chemical structure, this

indicates a highly branched network of the FC-film.

The relative peak areas can be used to estimate the surface composition. For the calculation of
the samples a homogeneous film model is used. A detailed description of the procedure is given in
IKBE™07|. For characterizing perfluorocarbon polymers the fluorine to carbon ratio (FC-ratio, Rp¢)
is a common measure. In the case of the nanomask, Rp¢ is calculated by the fitted peak areas of the
C'ls spectrum after equation from [SHIT04|. Table shows the percentage elemental composition
of both samples and the FC-ratio of total elemental composition Rrc totq and the FC-ratio calculated
from the Cls peak Rpc.

S IA(C—F)

A(C1s) (3:-1)

Rpc =

Table 3.4: Elemental composition of the nanomask and a solid FC-film.
C F O S Si Rrecioa Rre
nanomask 9.5 6.5 16.6 2.6 64.8 0.70 0.38
FC-film 469 525 06 — — 1.12 1.43

Since the nanomask is a composition of clusters on the substrate, a high Si concentration due to
exposed Si is found. The high O concentration is explained by a) natural oxide which has not been
removed before FC-film deposition and b) adsorbed water or O from ambient air during transportation

to the XPS module. S is detected because it is used in the etching and adsorbs on the surface.

The solid film consists solely of ', C' and O. The small O peak cannot be explained by a natural oxide
layer, since the XPS measurement only has an information depth of about 10 nm maximum. It results

instead from adsorbed water and O during transportation.
These findings show a strong distinction between the chemical structures of both samples. It is con-
cluded that the nanomask consists of less fluorinated carbon clusters or chains, whereas the solid film

consist of a stronger fluorinated carbon network structure.

Three mechanisms can explain the different chemical structures:
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3.2 Surface Analysis

e The chemical structure changes with film thickness due to an inhomogeneous deposition process
where initially mostly carbon is adsorbed on the surface which is subsequently fluorinated or

covered by C'F.

e The chemical structure is altered by reactions with SFg and/or bond breaking and reorientation
by physical sputtering of the bombarding ions in the etching step (e.g. ion-induced defluorina-

tion).

e A combination of both mechanisms.

AES Measurement

To investigate the possibilities discussed in the previous section, an AES analysis is performed. Here,
the passivation parameters are those given in Table previously, except that for the FC-film one
short cycle with four seconds of deposition time is applied, in order to deposit an FC-film of comparable
thickness to the nanomask. After the generation in the ICP-multiplex system, the probes are quickly
transferred (< 5min) to the analysis chamber to limit oxidation, water adsorption and contamination.
The resulting AES spectra are compared in Figure 3.11] A strong C signal is found whereas F can
barely be detected for the FC-film. O and 57 are present in both samples, caused by a natural oxide
layer on the Si. This shows that the results represent the whole deposited film and not only the surface
layer. Compared to the thin FC-film, the nanomask has a strong S signal due to adsorbed sulphuric

composites from SFg etching as well as a small N peak due to chamber flushing with N after etching.

Si
Nanomask :
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Figure 3.11: AES analysis of the nanomask and a thin solid FC-film.
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Figure 3.12: Elemental area-scan for C' and S of the nanomask.

The bright and dark lines parallel to the x-axis in the S area-scan are measurement errors.

To find out whether S also participates in masking, an additional elemental area-scan for C and S
of the nanomask is performed. The result is given in Figure B.12] It clearly demonstrates that the
morphology in the SEM image is reflected in the elemental scan for C' but not in the scan for S.
Hence, it is concluded that the adsorbed S is homogeneously distributed on the surface and cannot be

responsible for nanomasking.

The findings support the explanation of an inhomogeneous deposition where initially mostly C adsorbs.
However, the changes of S and C' emissions indicate a chemical alteration and previous XPS studies
showed that the etching of FC-films by SFgs plasma changes the chemical structure [Kep08]. It is

concluded that a combination of both mechanisms is probable.
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3.3 Process Analysis

Nanomagking is an effect occurring at the end of the etching step, when the thin passivation layer
is clustered before it is removed completely. In order to understand nanomasking in the c¢-DRIE,
the passivation and the etching step are investigated. The process is analyzed by OES, XPS, SEM,
profilometry and pyrometry to study influencing parametrical factors and time-dependent changes. It
is found that in situ OES provides a useful way to control the nanomasking within the ¢-DRIE process
and guarantees reproducible Silicon Grass generation. Experimental process studies are conducted to
find parametrical influences on the nanomasking process and gain insight into the formation principle.
In a parametrical study, the effect of passivation time 74, coil power (in passivation) P, and bias power
(in etching) P, on the morphology of the nanomask is investigated. In order to limit the experimental

complexity, Design of Experiments (DoE) methods are applied.

3.3.1 Pyrometry

Temperature progression is analyzed by infrared pyrometry at wavelengths of 8 — 14 um (IN 5plus,
IMPAC Electronic GmbH), see Figure . The device is mounted at a window centrically above the
wafer inside the chamber lid. A correction of 0.14 K/min (assumed linear) is applied to compensate
for the change in emissivity due to altered surface roughness and different surface material. This is

derived by measuring the difference at 20°C reference temperature from before and after the process.
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Figure 3.13: Temperature shifts occurring during Silicon Grass generation in ¢-DRIE etching.
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As can be seen in the figure, the temperature rises initially by about 5 K. Then short-term temperature
shifts due to the cycling between etching and passivation follow. Due to the fact that etching of Si by
fluorine radicals is exothermic and also accompanied by ion bombardment, the rising edge of the curve
is assigned to the etching step, whereas the falling edge is assigned to passivation. The temperature
amplitude increases quickly from approximately 2 K to more than 10 K after 10 cycles. After remaining
at a maximum for approximately 400 s, it decreases back to lower values toward the end of the process.
The increase can be explained by the development of surface roughness and the associated increase in
etched surface material. It indicates that etching slows after 400 s, corresponding to measurements of
Silicon Grass structure height development, which is discussed later in Section[4.1.2] The smaller graph
in Figure depicts a magnified view of the first 12 cycles. The first two peaks are low, indicating
that S% is not yet etched and the surface is still covered by a thin FC-film and natural oxide. In the
third cycle, Si etching starts and raises the surface temperature significantly. A slight ramp of about
3 K can also be noticed. The surface temperature at the initiation of the passivation step is several K
higher than at the end of the step, which has an effect on the deposition rate [d’A90], further implying

an inhomogeneous chemical structure of the FC-film layers.

clusters filaments silicon structures needles

Silicon FC-film

Figure 3.14: Illustration of the early phase of the Silicon Grass generation process.

From the pyrometry measurement, an illustration of the early phase of the Silicon Grass generation
process is derived, see Figure [3.14] Nanomasking takes place in the first cycles and blends with the
subsequent structure etching. The sketch shows a shift from passivation toward etching as the surface

temperature heats up several K in the process.

In carbon-containing plasmas the working point of the process shifts between passivation and etching.
It depends on the plasma chemistry, which in turn is strongly affected by changes in gas composition,
power settings or pressure. This fact poses the challenge of controlling the working point in constant
mode plasmas, where etching and sidewall passivation occur simultaneously and small parametric

changes have huge effects. By spatially separating the two process chemistries, the working point can
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easily be controlled by setting up appropriate time constants for the process. Because nanomasking
is a phenomenon appearing when etching and passivation are close to equilibrium, this timed process
control is used to set up the correct working point for a reproducible and effective Silicon Grass

generation.

3.3.2 Passivation

Nanomasking is influenced by chemical and physical properties of the deposited FC-film. A lateral
inhomogeneity causes differential etching which finally leads to the nanomask. As will be discussed in
Section [3.3.5] one of the most important parameters affecting the nanomask is deposition step time,
which relates to FC-film thickness. For this reason the chemical and morphological properties of the

FC-film as well as relevant parameters affecting the deposition rate are discussed.

Plasma chemistry is divided into reactions occurring in the plasma volume and surface reactions taking
place on the substrate. Both types of reactions are affected by different plasma parameters and setup.

A list of the most important parameters for passivation is given below:

e Coil power

e Bias power

e Pressure

o (C4Fy flow rate

e Substrate temperature

e Chamber temperature

e Chamber setup and geometry

e Substrate properties (material, thickness, etc.)

Because coil power and pressure are the main parameters influencing the dissociation and radical
density, they greatly affect gas-phase volume reactions inside the plasma. This can clearly be seen in
the OES spectra taken by a VIS-IR spectrometer (getSpec-2048, getAMO ¢/o Sentronic GmbH) for
different parametrical values, see Figure [3.15] The device is mounted at a slightly eccentric quartz

window located inside the chamber lid.
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Figure 3.15: OES spectra of CyFy at different a) pressure p and b) coil power P, settings.
Parameters: Qc,pm = 85 scem, P, =0W, Tg = 20°C, Ty = 45°C.
Substrates: (100)—S1, t,, = 525 um, D,, = 100 mm, n-doped P, R, =1 —-5Q cm.

The graphs show a similar behavior of increased coil power and reduced pressure. In both cases the
peaks for Cy, ('3 and F increase in comparison to the C'F5 peaks, indicating raised dissociation of
the feedstock gas, induced either by a higher collision rate through a higher electron temperature T,
(Power) or a smaller amount of Cy Fg molecules present, which are dissociated (pressure). Additionally,
the rate of recombination reactions increases for higher pressures, constraining the level of dissociation
of the feedstock gas. The spectra are categorized in two regimes; a Cy/C3 dominated, high dissociation
regime at high power and low pressure and a C'F» dominated, less dissociated regime at low power and

high pressure.
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Chemical Composition

From the OES spectra observed surface reactions taking place on the substrate cannot be deduced.
Therefore, to analyze the effect of the different plasma conditions on the chemical structure of the
deposited FC-film, an XPS measurement of two samples is performed. The OES- and corresponding
XPS-Cls spectra are shown in Figure and [3.17] The parameters are as in Figure

The result shows that the different plasmas lead to a change in the chemical structure of the passivation
layer. Both spectra are aligned and equalized to match each others maximum peak intensity for C—Fj
for a better comparison. While the peaks for C'— F3 are approximately identical, the 600 W sample
shows a lower amount of C—F and C'—(CF},),. The calculated FC-ratios are 1.13 and 1.22 for the
450 W and 600 W sample, respectively. It is concluded that a higher dissociation of precursors leads
to a higher FC-ratio in the deposited film. This finding is also reported by Labelle et al. in [LDBT04],
where they explained the effect by assuming a two-step deposition mechanism: initial deposition of a
C-rich film and subsequent fluorination by free F'. The higher amount of free F' in the high power low
pressure mode allows for enhanced fluorination as compared to the other regime, where F' is scarce
and mostly C'F, and larger fluorine deficient species such as CyFg, C3Fy and C,F, (z = y > 4) are

the dominant deposition precursor molecules.
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Figure 3.16: OES spectra of CyFy at different passivation settings.
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Figure 3.17: XPS Cls spectra of FC-films deposited at different passivation settings.

Morphology

In order to analyze the morphology of a thin (~ 50 nm) FC-film before etching, a sample is prepared
and investigated by AFM. Figure shows the height and phase information of a 1 x 1 um? surface
scan. It reveals an amorphous structure resembling the one discovered by SEM of the nanomask. The
calculated roughness gives a R, e of 0.139nm and a maximum peak height R; pc of 1.69nm. Assuming
a selectivity Sg; po of Si to FC-film etching of 50 — 100 and a homogeneous, perfect anisotropic etching
of the surface, the observed lateral thickness variations can account for the roughness development of
the nanomask given in Table In this ideal case the maximum achievable nanomask roughness

R, N after one cycle can be calculated as follows:

Ry nv = Ssipc * Ra Fe (3.2)

One can assume that lateral differences in the chemical structure, as indicated by the phase information
of the AFM scan, are attributable to a difference in local etch rates of the film, thus enhancing the
roughness development. In contrast to this, it is stated that SFg etching in ¢-DRIE has a strong
isotropic component and lateral etching quickly removes spikes and tips, smoothing the surface after
all of the inhibiting FC-film is stripped. That is why exact timing is crucial to prevent excessive lateral
etching and provide sidewall passivation of the features in the subsequent steps.

Bigger particles are also found scattered across the wafer, see Figure (lower left corner). These
particles are either dust contaminants or larger particles originating from the CyFg plasma. The aspect

of plasma dust affecting the nanomask is discussed in detail in Section

42



3.3 Process Analysis
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Figure 3.18: AFM scan of deposited FC-film for a) height and b) phase.

It is known that FC-film deposition by C4Fy is characterized by an anomalous roughness scaling
[BKOS]. BALONIAK et al. reports a change of surface morphology from a fine grainy to a larger clumpy
structure with deposition time, respectively film thickness. As it is shown in Section [3.3.5] this effect

can be used to generate different nanomasks with varying density.

Deposition Rate

Different plasma regimes and their associated deposition precursor molecules cause changes in deposi-
tion rate. Figure [3.19 plots the deposition rate as a function of coil power P., pressure p and substrate
temperature Ts. A linear relationship is found for the increase of coil power, indicating a higher de-
position with the increase of free radicals. For the pressure variation, the deposition rate is about
1.4 nm s~ for 0.8 Pa and 2.5 Pa. As the pressure is increased to 5.3 Pa the deposition rate drops
significantly to about 0.8nm s~!. This shows that an increased concentration of sufficiently dissociated

precursor molecules is important to achieve high deposition rates.
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Figure 3.19: Deposition rate Rg., as a function of coil power P, pressure p and substrate

temperature Tk.

A negative effect of an elevated substrate temperature on the deposition rate has been found. D’AGOSTINO
et al. concludes from similar results in [d”’A90] that a higher surface temperature reduces the deposition

rate as the ratio of adsorption-desorption and the chemical surface reactions are changed.

The deposition rate is a complex function of various plasma parameters. It depends on the feed
of polymerizing precursor molecules affected by radical density and the dissociation-recombination
equilibrium (influenced by power, pressure, flow rate), the properties of the radicals (e.g. sticking
coefficients), the occurrence of excited surface sites (influenced by bias power and temperature) and

the ratio of adsorption-desorption [d’A90)].

It is noted that the deposition rate is measured at FC-films, which are deposited for 100 s at the
specific process settings, resulting in thicknesses greater 50 nm. Because the chemical structure of thin
(< 10 nm) FC-films is significantly different from bulk FC-films (> 50 nm), the deposition mechanism
and the deposition rate can change. A more detailed discussion of the deposition rate in combination
with the corresponding FC-film etch rate is necessary for the nanomagking and is found in Section

B.3.4
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3.3 Process Analysis

3.3.3 Etching

During etching the passivation is removed and the nanomask appears at the end of the step. As has
been shown by XPS analysis (see Section , the remaining clusters are carbon-rich thus providing
high selectivity for the subsequent Si etching and acting as nuclei for Silicon Grass generation. In
standard c-DRIE these clusters are etched away by a stronger or prolonged etching to prevent them
from masking. The process also uses a percentage of O (usually 10 — 20%) so that oxidizing reactions
participate in removing the C'. Consequently, to effectively generate the Silicon Grass without con-
sumig much of the Si, the etching step must be stopped after the nanomask has developed but before

the clusters are removed completely.

At the end of etching the surface morphology changes within a small time frame of one to two seconds.
The process can be divided into different phases. At first, the film is considered as one single cluster.
Before it is completely removed it becomes porous. Then the etched holes develop into trenches which
subsequently join each other and separate parts of the remaining film. An amorphous surface structure
emerges which closely resembles the morphology of the FC-film. As etching continues, the structures
are broken up into smaller fractions. Finally, the structures get smaller until they are etched away
completely. An illustration of the process is given in Figure [3.:20, demonstrating the Area coverage V
and density D as functions of time at the end of the etching step. It is seen that maximum density is
reached for V ~ 0.2 — 0.3.
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Figure 3.20: Sketch of morphological change of the FC-film at the end of the etching step.
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In order to find the right time for switching, in situ monitoring of the process is necessary. The initial
approach uses online observation of the processed wafer and is performed with a digital camera, the

second method uses OES spectroscopy as an end-point detection system.

Visible Changes

Since nanomasking generates a strong surface roughness, a change in reflection is visible to the naked
eye. For optimal conditions the change in reflection, which progresses from the edges to the center
of the wafer, is noticed after two cycles at the end of etching, see Figure The images show a
top view of the wafer during the etching step. On the left-hand side the pins from the mechanical
clamping system and the clamping ring are visible. Furthermore, the camera viewport, the circular
gas-inlet port and some screws on the inside of the chamber lid are seen reflecting off the polished wafer
surface in the first frame. It is observed that the change in reflection is inhomogeneous and affected by
the clamping pin positions. At the end of the etching the surface appears dull and the formerly clear

reflections are not visible anymore.

Figure 3.21: Change in reflection at the end of the etching step.

The method is a useful procedure to find the appropriate nanomasking process window for different
parametrical settings and has been applied in the experimental studies to determine parametrical
influences in Section [3.3.5] However, in regard to the integration in manufacturing processes, OES

spectral analysis for end-point detection is more precise to find the right working point.
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OES Analysis

Figure shows different OES spectra at the beginning and end of the etching step in the Silicon
Grass process (FC-film). For comparison a spectrum of etching SiOs with SFgs (oxide) shows the

spectral differences and enables identification of the characteristic F'; SF, and S lines.

Silicon Grass end

__ ’—| 8,? F(703.8nm) Silicon Grass start
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Figure 3.22: OES spectra of FC-film and oxide etching with SFg.
The parameters used are given in Table [3.5 (Silicon Grass process).

A significant change for the emissions from 238.7 nm to 281.4 nm occurs. They are assigned to C'F,
CF, and CS radical emissions [PG76]. The identification for F', S and SF), is taken from [AMLS6].

Furthermore, a drop in F' emissions is noticed.

For a more detailed examination of the changes during cycling, the characteristic lines for F(703.8 nm)
and C'S(257.6 nm) of a Silicon Grass process are plotted as a function of time and compared to those
of a normal c-DRIE process for deep St etching, see Figure [3.23] The process parameters are given
in Table B.5] No Oj is added in the Silicon Grass process. Therefore, the etch step time is reduced
t0 Teten, = 95 After an initial peak, which is attributed to gas switching and the associated mecha-
nisms of pressure control and impedance matching, a continuous decrease of the emission intensity of
C'S(257.6nm) in the etching step is observed for both settings. In contrast to the Silicon Grass process,
the line in ¢-DRIE decreases more rapidly and, as it approaches zero, levels in a type of 1/x function,
indicating the removal of C' and C'F}, from the substrate and the reactor walls in the prolonged etching

step. The greater gradient is explained by the higher coil power setting in the c-DRIE.

47



3 Nanomasking - Initiation of Silicon Grass Formation

a) Silicon Grass

[ 'Etching 'Passivating

—
T

CS(257.6nm)

intensity / a.u.

/

/

PN | R SRS I |

Etching \ :Passivating

b) c-DRIE

—
T 71

intensity / a.u.

0 2 4 6 8 10 12 14 16 18 20
time/s —»

Figure 3.23: F(703.8 nm) and C'S(257.6 nm) emissions during etching for a) the Silicon Grass
and b) the c-DRIE process.

Table 3.5: Silicon Grass and normal c-DRIE process parameters.

Parameter Silicon Grass process c-DRIE

passivation etching passivation etching

Qc,Fs (scem) 85 - 85 _
Qsr, (scem) - 143 — 130
Qo, (scem) — — — 13
7 (s) 9 9 7 13
P. (W) 450 450 600 600
Py, (W) — 12 — 18
p (Pa) 2.5 4.3 2.5 4.3
Te (°C) 40

Ts (°C) 20

Process time (min) 25
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Tdep=10 s

intensity / a.u.

t /s —
etch

Figure 3.24: F(703.8 nm) and CS(257.6 nm) emissions during etching FC-films deposited at
different passivation settings. Etching is performed according to Table (Silicon Grass

process).

In both settings a sharp decrease in F'(703.8 nm) emissions at a distinctive time is seen. This indicates
that at this particular point the FC-film becomes porous and S% etching starts, scavenging free F' and
thus causing the intensity drop. At this moment the change in morphology of the FC-film sets in and
develops into the nanomask. After this, continued etching leads to a smoothing and leveling of the

roughened surface.

Depending on the parametrical settings of the passivation step, the decrease occurs at different times
corresponding to the particular deposition thickness, see Figure[3.24] The findings are also in agreement
with the observation of reflection change for the different parameter settings, which are measured at
the corresponding times of 9 s (450 W, 5.3 Pa), 17 s (450 W, 0.8 Pa) and 25 s (900 W, 0.8 Pa).
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Etch Rate

Because the parametrical study in Section uses bias power as a variation parameter, the influence
of bias power on the FC-film etch rate is studied. A linear relationship is found, see Figure [3.25] For
the measurements a thick FC-film (several 100 nm) is deposited and subsequently etched with the

varying parameters.
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Figure 3.25: FC-film etch rate as a function of bias power P, and corresponding bias voltage
Up. The parameters used are given in Table (Silicon Grass process).

As shown by the chemical analysis in Section the chemical structure of the solid FC-film and
the thin deposited film during cycling is different, so that etch rates can also vary. Therefore, the

measured etch rate is valid for thick, homogeneous films and must be corrected for the purpose of
nanomask generation which is discussed in Section [3.3.4]

Parametrical influences on the etch rate of S7 in c-DRIE processes are studied extensively [JBUTQ9]
and therefore do not form a part of this work. However, because S7 is etched between the remaining
clusters, the Si etch rate and the etch anisotropy have an influence on the roughness development
and thus nanomask formation. In this context, it should be considered that a higher etch rate is
often accompanied by a greater inhomogeneity, promoting a non-uniform nanomask development and

making it more difficult to find the exact timing for switching.
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3.3 Process Analysis

3.3.4 Controlled Nanomasking

Nanomasking in c-DRIE processes is achieved when etching and passivation are balanced and the
inhibiting film is not fully removed at the end of etching. For a given set of process parameters the
minimum step duration for etching, which in the following is labeled as critical etch step time 7.p¢,

must be found.

Passivation and etching yield must be equal,

Zdep = Zetch,inh (33)

with zge, being the deposited film thickness and zetch inn being the etching yield of the inhibiting layer.

Substituting the time dependent deposition and etch rate results in:

0 0
/ Rdep(t>dt = / Retch,mh (t)dt (34)

dep Terit

To calculate the corresponding critical etch step times for every parametrical setting, the functions
for Raep(t, p1,D2, .-, pn) and Regen ink(t, €1, €2, .., €,) must be known, integrated and solved for 7. As
parametrical influences are complex due to non-linearities and interdependencies, this method turns
out to be highly impractical.

Therefore, to determine the critical etch times for the parametrical experiments (Section , an

empirical approach is conducted.

The critical etch step times 7,;; for the different process parameters deposition time 74, coil power P,
and bias voltage Uy, are measured by varying the etch step until the F'(703.8 nm) intensity decreases.
The resulting times are given in Figure [3.26|and Figure Both line progressions in Figure [3.26| can
be fitted with a linear approximation, which shows that 7..;; can be assumed proportional to 74, and

inversely proportional to Up.
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Figure 3.26: Critical etch time 7., as function of a) deposition time 74, and b) bias voltage
Uy.

The dependency of 7.+ on the applied P. during deposition is not linear for the range between 150 and
900 W but can be separated into two regimes of linear behavior, see Figure The shift between
the two regimes occurs at about 600 W which correlates to the observed regimes of high and low disso-
ciation discussed in Section [3.3.2] Taking into account the linear increase of Ry, with P, from Figure
and the linear increase of 7. with 74, from Figure , it is concluded that the lower gradient
at higher powers is due to a higher etch rate of the FC-films deposited in the high dissociation regime.
This conclusion is also supported by the fact that the FC-films of the high dissociation regime have a
higher FC-ratio (see Section [3.3.2)), indicating their lower etch resistance. At a lower power setting of
150 W the measured etch times become too short to be accurately measured. The linear fit cuts the

x-axis at about 100 W, which is labeled as the minimum coil power P, .

From the linear relationships an empirical equation is derived to calculate the critical etch time 7,

Pc - Pc,mz'n
U

However, utilizing the calculated 7.+ as the etch step time 7., does not result in effective Silicon

Terit — Cleep C1 = 0.2 (3.5)
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Figure 3.27: Critical etch time 7..; as function of coil power P..

Grass generation, because it only equals the required etch step time minimum. Examining the surface
after five cycles with 7eren = Terie reveals heavily passivated structures, indicating that the level of
passivation is still too strong. Several performed experiments evidenced that the typical needle-shaped
Silicon Grass is most efficiently generated when the etch step time is prolonged by 2 s. Hence, the

optimum etch step time 7,,; for 150 < P, < 650 W is found to be:
Topt = Terit + 2s (36)

In order to find the etching-passivation balance for any parametrical combination, the use of in situ
OES with online end-point detection for each step is advised. It is noted that this method works well
for a high silicon load, since the F(703.8 nm) intensity drop is more pronounced if more Si is exposed
to etching as the inhibiting film is removed. The method is also discussed for the generation of Silicon
Grass on masked substrates, covered in Section [3.4.4]
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3.3.5 Parametrical Study

An experimental study is conducted to clarify, if the morphology can be influenced by parametrical
variations to set up specific geometrical properties of the nanomask [Leo08|. Thereby it is identified
whether this modification is governed by a) passivation or b) etching.

If a large number of influencing factors and interdependencies is assumed (e.g. chemical process anal-
ysis, genetic experiments or plasma processes), the complexity of the experimental design is very high.
In such cases the Design of Experiments (DoE) method is an adequate tool to find an appropriate

experimental design and to maximize information with a minimum number of tests.

A subset of three parameters is selected, which affect the deposited FC-film thickness zqep (deposition
step duration 74¢p), the chemical composition of the FC-film (coil power during passivation P,.) and the
kinetic energy of the bombarding ions during etching (bias power during etching Py). In the case of a),
Tigep and P, have a great effect on the nanomask. If bias power P, during etching is most influential,
b) is considered. Additionally, the deposited film thickness z4e, in each passivation step is assumed to
be one of the most potent parameters to influence the nanomask morphology because of its anomalous
roughness scaling [BKO0S].

The minimum and maximum values of the input parameters that bound the process window of interest
are defined considering the process parameters of standard recipes for ¢-DRIE etching, the limits of the
system used and the experience of process engineers, who have been using the Silicon Grass process
for several years.

The morphology of the nanomask is inspected via SEM after a process of five cycles with the different
settings. At that point the nanomask is transferred into the Si (see Section . From the pictures
several output parameters are derived characterizing the morphology of the nanomask. Density D is
a characteristic and important surface property and is therefore chosen as output parameter x for the

study.

As discussed in Section [3.3.4] each parametrical setting requires a specific, adapted etch step time Tetep,
which allows for the nanomask to occur. At the time of the study the relation given in Equation
yet unknown. Therefore, 7., was determined by measuring the etch step duration until the visible
change in reflection occurs, described in Section Applying the method, it is found experimentally

that 7esen, can be expressed by:

(3.7)

D1 +p2Pc>
e1+exby

Tetch = Tdep <

with p1 = 3.05- 10 ' nm s, po = 275 - 103 nm WL s7! e =949 10" nm s~ and ey =
8.07-102nm W—1s 1,
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Mathematical Model and Experimental Design

Because of the complexity of the process a model with linear and quadratic terms is chosen:

IS
H

4
Z AUy + azzu (38)

It includes the four input parameters (u1 = Tgep, U2 = Pe, us = P, and ug = Teep), the output
parameter x and the linear (a;) and quadratic (a;;) model parameters with an offset (agp). Because uy

is not independent it is substituted in [3.8) with [3.7}

3
A P1 + pauz P1 + paus
T =ap+ a;u; + a;iu;) + aguy | ——— | + aqqu] | ———— 3.9
0 ;( ¢ Wi i z) 4 1(61+€2U3> 44 1(61+62U3> ( )
A composite experimental design for input parameters with linear, quadratic and mixed terms has
been proposed by Hartley et al. [Wer89| [Har59]. It uses four core points for the factorial experiments
and seven star points including the zero point for three independent input parameters, see Figure [3.28]

The individual values of the different tests are shown in the experimental table, see Table

Table 3.6: Experimental table [Leo08].

wpins uyin W usin W wuyins zin pm=2 2 in pm 2 A
DoE 0 10 450 18 6.5 26.3 24.5 —6.70%
DoE 1 11 600 24 7.5 16.9 15.1 —10.20%
DoE 2 11 300 12 6.5 17.9 18.3 2.10%
DoE 3 9 600 12 9.2 25.2 23.3 —7.40%
DoE 4 9 300 24 3.5 26.3 26.0 —1.20%
DoE 5 114 450 18 7.4 13.6 14.1 4.40%
DoE 6 8.6 450 18 5.6 21.3 22.5 5.50%
DoE 7 10 662 18 8.9 14.5 16.7 15.00%
DoE 8 10 238 18 4 18.4 17.9 —2.30%
DoE 9 10 450 26.5 5 25.4 26.5 4.20%
DoE 10 10 450 9.5 9 31.2 31.9 2.20%
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@ Zero point
@ Core points
@ Star points

Figure 3.28: Three-dimensional experimental space [Leo08].

Preconditioning and Setup

To guarantee reproducible results, the ICP system is preconditioned with an oxygen cleaning and a
subsequent Silicon Grass process. The cleanliness of the chamber is controlled by OES spectrometry,
which showed no significant change of the spectrum after ten minutes of cleaning at P. = 800 W,
Qo, = 45 scem, p = 2.7 Pa. Then a Silicon Grass conditioning process is performed for ten minutes

and guarantees the process chamber coating being of similar type in all experiments.

As temperature changes have an impact on the etching passivation equilibrium, the changing process
chamber temperature during processing must be considered. Equal starting temperatures for each pro-
cess are ensured by controlling the chamber temperatures with the installed pyrometer before running
each test. However, it must be noted that different parameter settings lead to different temperature
progressions in each test, so that the influence of temperature can not be ruled out completely. To
account for the radial inhomogeneity, which is discussed in Section the measurements are always

performed at a specific radial wafer position of R = 40 mm.
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Test substrates are single-side polished (100) Si wafers with a diameter of 100 mm, a thickness of
525 um and a resistivity of 7 — 13Q2 em. The wafers are not subjected to an RCA cleaning prior to
processing. It is found that organic contaminates have no significant influence on the nanomasking
process, see Section [3.:4.3] The natural oxide film plays a role but is not necessary for the nanomask
to occur. It merely enhances the process because of the higher selectivity of SiOs relative to St in

contrast to carbon residues relative to Si. The influence of nature oxide is discussed in Section B.4.2

After processing, the wafers are fragmented and inspected by SEM. The properties of the structures
are analyzed by the digital image processing methods of SEM pictures (Image Pro Plus®, Media
Cybernetics). Since SEM image contrast and brightness settings can differ slightly from image to
image, a best-fit contrast equalization is performed prior to the measurements. An illustration of the

measurement procedure is given in Figure [3.29

Figure 3.29: Measurement procedure: a) original SEM image, b) contrast equalization and c)

automatic particle measurement.

Results and Discussion

SEM analysis reveals distinct differences of the surface morphology after the five cycle nanomasking
process. Figure [3.30] shows two characteristic examples for different morphologies of a high density

with small structures and of low density with bigger ones.

To evaluate the reproducibility, the process is executed three times with the same input parameters
(DoE 3) as a repeatability test. The densities measured at R = 40 mm are 21.8, 23.5 and 21.9 pum 2
respectively, from which follows a standard deviation of approximately 1 pm 2.

After acquiring the densities for all experiments the model parameters are solved by regression (method

of least squares). Table lists the parameter sets with measured and calculated density and their
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Figure 3.30: Different morphologies after the five cycle nanomasking process. [Leo(8|

deviation for each experiment. The deviation for the tests with high values of P, are highest. This is
assumed to be an effect of the non-linear behavior of deposition if P, > 650 W (see Figure [3.27)). The

resulting model parameters are given in Table [3.7]

Table 3.7: Calculated model parameters. [Leo(8]

Model parameter value unit  corresponding process parameter
ao —3564 - -
aq 610 s71 Tdep
as —3.55 w-t P.
as 50.2 w1 P,
ay 425 571 Tetch
an —41.8 572 Tdep
oo 2.55-107% W2 P.
ass 0.19 w2 Py
o —18.7 572 Tetch
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3.3 Process Analysis

To visualize the influences on nanomagk density, the relation given in Equation [3.9]is plotted for the

combination of the three independent parameters, see Figure [3.31]

Dium? —

—_

D/ um2

Figure 3.31: Dependencies of 74, P. and P, on nanomask density [Leo08§].

From the experimental study several conclusions for the nanomasking process can be drawn. First,
it is found that the morphology, respectively density, of the nanomask can be changed by a variation
of process parameters. For all tests the density D varies between 14.1 pm ™2 and 31.9 um~2 at an
equal value for area coverage A, whereas the geometry of the analyzed structures closely resembles
the amorphous structure of the carbon filaments, described in Section The deposition step time

Tdep (u1) is the most prominent parameter affecting the surface morphology of the nanomask, which
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implies influence of the passivated FC-film thickness z4e,. Coil power P. (u2) also has an influence
on the morphology, although its impact is considerably smaller. The results further indicate that bias
power P, has only a small effect on the morphology of the nanomask.

The findings show that a morphological definition via the deposited FC-film during the passivation
step is most effective. On the one hand, the morphological and chemical configuration of the deposited
carbon-rich film of the initial passivation steps (the first two cycles) defines the primary cluster distri-
bution. On the other hand, the inhibitor has an important part in protecting the generated surface

structures from lateral etching and prevents the re-smoothing of the surface.
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3.4 Influences on Nanomasking

Because nanomagking is caused by several different phenomena, the process is also influenced by a
multitude of process conditions. In order to further specify the nanomasking in c-DRIE, a series
of experiments is performed to clarify the impact of different process conditions. In the following

sections the influence of carbon dust formation and film flaking (Section [3.4.1)), oxidation (Section

3.4.2)), contaminations (Section [3.4.3)) and masking (Section [3.4.4)) is discussed.

3.4.1 Carbon Dust Formation and Film Flaking

In addition to the carbon nano-filaments in Section other phenomena known as ‘carbon dust
formation’ or ‘film flaking’ can play an important role in nanomasking. Both effects are known to
occur in plasma polymerization processes [LS72| [KBS74] [MIU04].

STOFFELS et al. studied polymerization reactions in RF fluorocarbon plasmas of C'Fy, CoFy and
C4Fg by electron attachment mass spectrometry [SST98|. They report the generation of large polymer
molecules up to the detection limit of the spectrometer (500 amu), whereas the density of larger
polymers decreases with the size of the parent gas and the degree of saturation by F. Another work
covers the solid particle production in CyFg plasmas [TT0la]. Here, a marked increase of particle
production is reported for the pressure range higher than 6.7 Pa (50 mTorr), indicating that particle
production also takes place at lower pressures. Measurement of these particles reveals a high number
of C—CF, bonds, and the particles are expected to exhibit a higher thermal stability than the film.
Being built into the deposited FC-film, the particles would thus act as nuclei for nanomask formation.
A corresponding model for the gas phase reaction kinetics is given in [TT02].

Evidence for this mechanism is found by inspection of SEM images of an etched FC-film, see Figure
B.32l Because of non-uniform etching due to ion-shadowing from the clamping ring, a transitional
region is identified in its vicinity. The lighter spots inside the FC-film are identified as incorporated
clusters which are subsequently exposed. During the course of this work, also larger particles are
found scattered across the wafer affecting the formed Silicon Grass. Figure [3.33] shows SEM images
of the substrate after five cycles and 75 cycles of the Silicon Grass process. The distribution of the
particles in Figure a) resembles the distribution of the larger Silicon Grass of Figure b).

An effect is observed for higher bias power P, > 12W settings during etching. This finding is supported
in [MIU04], where it is reported that the formed particles are positively charged and attracted to the
substrate when negative bias voltage is applied. Because the exchange of gases is long, compared to
the instantaneous switching of the powered electrode during cycling, the applied bias voltage can have
an effect on the deposition process by attracting formed agglomerates onto the substrate surface.
The images show that the influence of dust particles causes an inhomogeneity of the resulting Silicon
Grass. It can be prevented if either bias power is kept below a certain threshold value (= 12W) or if a
time delay is implemented as the process switches from passivation to etching to guarantee a complete

exchange of the process gases.
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incorporated clusters

Figure 3.32: SEM images of an non-uniformly etched FC-film in the vicinity of the clamping

ring. The images show that the clusters are already present inside the FC-film.

Figure 3.33: SEM images of a) carbon dust particles after five cycles and b) the resulting Silicon

Grass structures after 75 cycles.
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3.4.2 Oxygen
Natural Oxide

Because the selectivity of 5S¢0z to Si is greater than the selectivity of C,F), to Si the natural oxide
plays a role in starting the nanomasking process. The XPS and AES studies in Section |3.2.2] proved
that the natural oxide is still present in the five-cycle nanomask. In order to analyze its influence three
wafers of the same batch are prepared. The natural oxide of two of the wafers is stripped by a dip in
hydrofluoric acid (H F') prior to processing, while the third one remains untreated as a reference sample.
The reference wafer and one of the H F-treated wafers are processed for two cycles in the nanomasking
process and subsequently analyzed by SEM. In contrast to the reference wafer, no nanomask is found
on the surface of the treated wafer. The second treated wafer is processed in the 75-cycle Silicon Grass
process and also inspected via SEM. Both treated wafers are shown in Figure [3.34 Monitoring of the
wafer surface during the process reveals that nanomasking sets in late in the process (> 50 cycles), as
indicated by the change in reflection discussed in Section [3.3.3] A follow-up experiment with a treated
wafer and a reduced critical etch time 7. from 9 to 7 s displayed nanomasking behavior after two

cycles.

Figure 3.34: SEM images of HF treated wafers after a) two cycles and b) 75 cycles.

These findings show that the natural oxide is not necessary for the nanomask, but has a significant
influence on the onset of its formation. It is assumed that the oxide aids the nanomasking process as
etch products (e.g. SiOy or SiO,F,) are redeposited. SiOy provides a high selectivity (> 100 : 1)
relative to S¢ in contrast to the selectivity of C,F relative to Si. Another possibility is that the
specific surface properties of the SiOy affect the FC-film when it is deposited in the first passivation

step (e.g. provoking the formation of carbon nano filaments).
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3 Nanomasking - Initiation of Silicon Grass Formation

Oxygen Reactions

Adding about 10—20 % O to SFg is common for the c-DRIE process, as it increases the F radical
concentration and aids in removing the FC-film. Reaction products can also adsorb on the sidewalls,
forming passivation films for lateral etch protection (see Section . The experiments show that
no Oz is necessary to create the nanomask, proving that passivation via Si02 and Si0,Fy, has no
major part in nanomasking. Increasing the oxygen concentration shifts the plasma chemistry towards
stronger etching, so that the etch step duration must be shortened by one to three seconds for an

effective nanomask to occur.

3.4.3 Contaminations

Wafer Contamination

To rule out organic contaminants on the wafer surface as the source of the nanomask, a 10min cleaning
in Peroxymonosulfuric H2S0Os acid is applied prior to processing. The wafers used are the same as in
the experiments with natural oxide described in the previous section. After the treatment the wafers
are rinsed in water (H20) and dried in a Quick Dump Rinser. During the 75-cycle Silicon Grass process
the wafers exhibited no observable difference compared to the reference wafer. The change in reflection
indicating nanomask generation can be observed for both samples after two cycles. SEM analysis of
the resulting structures after the process also showed no significant difference. It is concluded that

wafer contamination occurring during the handling of the wafers does not affect the nanomask.

Chamber Contamination

Another source for contamination is the plasma reactor itself when chamber materials are sputtered
by the ion bombardment during processing. This is especially the case for CCP reactors where much
higher bias voltages are present. The system utilized consists of a ceramic tube (Al2Os3), a chamber
lid and substrate electrode made of Al. Since Al compounds such as AlF3 are reported to account for
nanomasking [OS.J86], the possibility of sputtered Al which is subsequently fluorinated and deposited
on the substrate has to be considered. However, the XPS overview spectrum in Figure and the AES
overview spectrum in Figure [3.11] of the nanomask show no signs of Al, thus this option is eliminated.
Its is observed that previous processes affect nanomasking and preconditioning is crucial to obtain
reproducible results. Best nanomask generation is achieved when the chamber is conditioned with an
10 min Silicon Grass process. Therefore, it is concluded that the deposited FC-film at the chamber
walls influences the process. Sputtered C, and/ or C,F), are assumed to participate in the deposition

process, albeit the exact mechanism remains unknown.
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3.4.4 Masking

It is found that the geometry and the material of the applied mask have an influence on the nanomask
formation and Silicon Grass generation. A low silicon load increases the etch rate, since F' radicals
are abundant during etching. Consequently, if dark-field masks with high-area coverage (small etching
area) are applied, the etching-passivation equilibrium shifts towards etching and nanomasking is af-
fected. For low-area etching, the OES timing method of using the F{703.8nm) emission line is affected,
because the shift is less pronounced compared to etching with a high S7 load.

If the same process parameters are applied as if processing an unmasked wafer, the nanomasking sets
in several cycles late in the process, indicating the shift toward etching. Optimizing the Silicon Grass
process for every magk configuration is therefore recommended.

Another effect, which is observed when processing Silicon Grass on Si0Os masked substrates, is the
dead range of Silicon Grass in the vicinity of the mask edge or in small trenches (< 5 um), which is
also observed for Silicon Grass from RIE processes [ORP90]. The phenomenon is attributed to ion
scattering at the flank of mask and trench, whereas the maximum distance s from the bottom of the

trench for which scattered ions bombard the Si surface at off-normal incidence is roughly given by
s ~ z tan(() (3.10)

with z representing the depth of the trench and § the maximum scattering angle for which the ion
number density is still significant. It is this effect which is also assumed to be responsible for the
decrease of structure density during the Silicon Grass process described in Section £.1.2] Figure [3.35]
a) shows the dead range of Silicon Grass at the edge of a mask (Fotoresist AZ 9260, MicroChemicals
GmbH).

Silicon Grass

A

[//Silicon ,Grass
I 1] J

/ B

i 1

Figure 3.35: SEM images of Silicon Grass substrates masked by a) Fotoresist and b) AIN
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3 Nanomasking - Initiation of Silicon Grass Formation

Furthermore, as the aspect ratio of the structures increases during processing, the radical transport to-
wards the bottom of the trenches is affected (KNUDSEN transport model [CW89]). Usually the effect is
stronger at higher process pressures, where the mean free path of the radicals is reduced. It is observed
for the ¢-DRIE processes utilized, that etching is more influenced than passivation and consequently
the etching-passivation equilibrium shifts towards passivation as the trenches get deeper. That is why

Silicon Grass formation is often observed to be induced after the trench has reached a certain depth.

Another important factor is the mask material. Especially for metal-containing masks, such as Al,
aluminium nitride (AIN) or Au, Silicon Grass formation is found to be greatly enhanced. In these
cases re-adsorbed, sputtered mask material is an additional source for nanomasking. Consequently, the
geometry of the structures is different and the mask geometry also plays a role. Silicon Grass density
is observed to greatly vary across wider etching areas (> 1 mm), and the homogeneity of the features
is poor. Figure b) shows an example for Silicon Grass generated by sputtered material from an
AIN magk.
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4 Silicon Grass Processing

Silicon Grass is produced by etching the Si surface carrying a self-generated nanomask, which is
covered in the previous chapter. Depending on the process parameters applied, the resulting profiles
and sidewall morphology of the Silicon Grass are affected. Therefore, in this chapter, the whole process
of Silicon Grass formation is investigated and a selection of parametrical influences on characteristic
features (e.g. on structure height, density and profile) are studied (Section [£.I)). This investigation
will also show the interrelation of nanomasking and subsequent structure development. The main
goal is to enable a profile control by variation of process parameters to manufacture specific Silicon
Grass geometries, which was shown for Cl based RIE processes [KSM02]. The structures can also be
metallized by PVD or electroless plating. A number of experiments with these processes are performed;
they are covered in Section [£.2] Finally, the chapter discusses two exemplary applications: mechanical
bonding and IR applications, and it is shown that an adaption of Silicon Grass to specific applications

is feasible (Section [4.3)).

4.1 Silicon Grass Formation

In Section it is described that the working point usually shifts toward etching as the substrate
is heated, due to exothermic reactions of fluorine radicals and ion bombardment. Consequently, the
process shifts from the nanomasking phase into the etching phase, in which the geometries are trans-
ferred into the bulk Si. This transition is sketched in Figure [3.14] Depending on the working point
progression during the whole process, different geometries are produced. This is illustrated in Figure

A1l

If the process parameters are kept constant, the process starts within the region of nanomasking and
shortly shifts toward etching as the surface temperature rises. Depending on the actual setting, the
resulting nanomask exhibits different densities and area coverage, which in turn influence the etching
in the later process. When structure density becomes high and the features appear more like a porous
Si surface instead of individual needle shape structures, ARDE effects limit the etch rate at the bottom
of the trenches and the etching-passivating balance is shifted back to passivating. Figure [.1] shows

three examples of working point progressions resulting in different Silicon Grass.

The etching behavior of c-DRIE is known from literature and various structure profiles can be realized
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4 Silicon Grass Processing

by process control. However, in general, c-DRIE with masked substrates is characterized by negatively
tapered profiles - the result of stronger etching with deeper trenches that prevent nanomasking at the
bottom and spawn Silicon Grass. Hence, to prevent the disintegration of the generated features by
lateral etching or undercutting, the process must not exceed a certain lateral etch rate and the features
must be protected by a sufficient sidewall passivation. Effective Silicon Grass etching therefore has
different requirements compared to the standard ¢-DRIE trench etching. The influence of different

process parameters on the resulting geometries is discussed in Section [4.3]

Etching

N

nanomasking region

Passivating

g

O b

5 10 15 20 25 30
Cycle

Figure 4.1: Sketch of working point progressions resulting in different Silicon Grass geometries.

4.1.1 Experimental Set-up and Structure Characterization

For the analysis, the Silicon Grass is generated with the ICP-multiplex system described on double-side
polished (100) Si wafers with a thickness of 525 4+ 25 um, a diameter of 100 mm and a resistivity of
1-5Q cm. The applied process parameters for the Standard Silicon Grass generation process are given
in Table . After processing, the wafers are fragmented and inspected by SEM. Mean height & and
density D of the structures are analyzed by digital image processing methods of SEM pictures (Image
Pro Plus®), Media Cybernetics). The density measurements are performed at three different wafer
positions (Center, R = 20mm, R = 40 mm) similar to the measurement already described for the
nanomask in Section [3.3.5] By averaging several structure heights at a length of 25 ym at the wafer

positions described, the mean height of the structures is acquired.
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4.1 Silicon Grass Formation

To further characterize the Silicon Grass it is helpful to introduce a Silicon Grass Aspect Ratio AR,
which is calculated using the mean distance Z and the mean Silicon Grass height h as given in the
following Equation

AR(t) = —= (4.1)
with:

h(t) = % S ha(t) (4.2)

Mean Distance

Assuming a lateral hexagonal close-packed arrangement of the structures, the mean distance T can be
approximated from the measured density D.
In a hexagonal close-packed structure, the vertices, which represent the structures, are connected in

the form of equilateral triangles. Each triangle has an area of:

\f
Ay = TaQ (4.3)

with a as the side length of the triangle, which approximates the mean distance Z of the structures.

The area which is assigned to each structure is:
1
Aep=6- 3 - Ay (4.4)

Since A, can be expressed as D~ it is substituted and solved for Z:

io |2 L0751 (45)
V3D VD VD '

1 1
3(t) = ~ zn:xn(t) ~ s (4.6)

So finally:

Surface Enlargement

Another important aspect of the Silicon Grass is its inherent characteristic of an increase in surface
area. It can be mathematically expressed by a surface enlargement factor e, which is approximated by
making some simplifying assumptions: Assuming an array of identical, cone-shaped structures, where
the mean cone height A is much larger than the base radius rp, it follows:

A

€:A70

(4.7)

with Ag being the original surface area, neglecting the initial roughness. The generated surface area

A is therefore:

A:Ao—DA0T2B7T+DA0TB7TSC (48)
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with s. being the directrix of the cone. Since h >> rp it is substituted h for s, in and insert this
in 7 to find:

e=1—Drgn(rg—nh) (4.9)
Finally, the expression (rp — h) is simplified to —h which results in:
e=14+Drgmh (4.10)

However, in Equation the sidewall scalloping, which can significantly increase the surface area, is
not considered. To approximate the influence of scalloping, the lateral area of a standard cylinder A,y
is compared with that of a cylinder with a sinusoidal profile function Agy ¢n. The lateral area of the

body is found by revolving the sine function

2
f(x) = zscar sin < T a?) +7 (4.11)
Dscal

about the x-axis. Here, the amplitude is the mean scalloping depth zs.;, 7 the mean radius of the
structure and py.,; the mean period of the scallops. The lateral area of a rotational body with a surface

profile function f(x) is given by:

At =27 /x f(@)\/1+ f'(z)%dx (4.12)

Inserting Equation gives:

Pscal . 27'[' _ 27T 27[' 2
Acyl sin = 27 Zscal SN z|+T 14+ | ——2gca1 COS T dx (4.13)
0 Dscal DPscal Dscal

Solving Equation numerically with typical values for z5.,; = 200 nm, b = 250 nm and ¢ = 250 nm

gives Acyi sin ~ 1.9 % 10 nm?, which is about 4.8 times the area of the normal cylinder Acyr. This
shows that scalloping can play a significant role in further enlarging the surface area in Silicon Grass
etching. So to arrive at the final formula for the surface area enlargement, Equation is multiplied

by the additional surface area enlargement due to scalloping

Acyl sin
ey = ——— 4.14
Aoy (4.14)
to obtain
e=es(l+Drpmh) (4.15)

2

?

Calculating the surface enlargement for the Standard Silicon Grass with e; = 4.8, D = 1 uym™

rg = 250 nm and h = 15 um results in a value of about e ~ 60.
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4.1 Silicon Grass Formation

Differential Etch Rate

Furthermore, when analyzing the etching of Silicon Grass, the differential etch rate Resep 4 between

the tips and trenches must be considered:

d d d

Retch,dif(t) = Retch,tr(t) - Retch,ti(t) = %ztr(t) - Ezti(t) = ah(t) (416)

Here, Reentr and Regen i label the etch rate of the trenches and the tips, respectively. In the ideal
case, the etching of the tips should be completely prevented by passivation. An illustration is given in
Figure In fact, it is the differential etch rate Regen dif, that defines the Silicon Grass progression.
It is observed that Retcn tr and Regen i can cancel each other out if the working point is too far away

from the etching-passivation equilibrium.

hn+2

Figure 4.2: Sketch of Silicon Grass property measurements.
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4.1.2 Structure Development

In the following the structural development during the standard Silicon Grass process is discussed.
Geometric properties like structure height, density and profile undergo several changes that must be
considered for a successful adaptation of the features.

Figure 4.3| shows the development of structure height h and density D during the Standard Silicon
Grass process at different radial wafer positions (Center, R = 20 mm, R = 40 mm). The standard
deviation, given by the error bars, shows the observed variation at each wafer position. It is observed

for all Silicon Grass types and caused by the distribution of cluster diameters of the nanomask.
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Figure 4.3: Progression of Silicon Grass height h and density D throughout the process.

After the initial nanomasking taking place in the first cycles, structures with measurable heights begin
to form. The curve progression of structure height can be described as roughly linear, although it
must be noted that the differential etch rate Rescn gip is not constant throughout the process. It takes
approximately three to five cycles for the transition from nanomasking to structure etching, which
causes Reen,dif to increase during these cycles.

Saturation of structure height at about 30 ym is observed for processes with more than 300 cycles.
ARDE effects limit the progression of the Silicon Grass as it becomes very dense at its base point
where Reienaif drops to zero. Silicon Grass from the standard process of 75 cycles reaches a height
of about 12 — 15 um, whereas the height of the structures varies with their radial position, with the
structures at the R40 position being higher than those at the Center. This inhomogeneity is explained
by loading of the ICP-multiplex (see Figure [2.7).
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4.1 Silicon Grass Formation

Structure density D drops rapidly within the first 30 cycles and levels off at a value of about 1—2 pm =2
after 75 cycles. The curve can be fitted with an allometric function. D is also found to vary with radial
wafer position, whereby the Silicon Grass is generally denser in the center of the wafer. This indicates
a correlation between h and D and Regep q;f- Thinner structures are likely to be removed by lateral
etching during the process. lon bowing and scattering play a significant role, as the passivated tips
become negatively charged and deflect the ions toward the sidewalls, where they cause lateral etch-
ing. Those ions which are not consumed are scattered and hit the flanks of neighboring features, also
causing lateral etching. It is this undercutting is made responsible for the decrease and leveling of the
density curve progression for the given parameter setting. Ion scattering has already been described
in Section where it is also responsible for the dead range of Silicon Grass at the edge of a mask.
Hence, Silicon Grass height h and density D are related and cannot be controlled independently from
one another as long as lateral etching by bowing and scattering is prevalent.

It is noted that these findings strongly depend on the used equipment and the applied process param-
eters, which are held constant throughout the process. In order to generate a wide range of Silicon
Grass geometries it would be useful to split the process into two separate ones: an initial process to

setup the nanomask and an etching process to structure the Silicon Grass.

4.1.3 Parametrical Influences
Deposition Step Time

Since deposition step time 74, is determined to have a great impact on the density of the nanomask in
Section [3.3.5] influence of this parameter on the resulting Silicon Grass geometries is expected. This
is shown in [AA08|, where the dependence of h and profile on 74, is investigated.

The deposition step time 74, also determines the thickness of the FC-film on the sidewalls and affects
lateral etching which an important limiting factor in terms of Silicon Grass density. Furthermore,
it leads to an increased build-up of polymer at the tips of the structures, which, if it becomes very

voluminous, will again affect etching by deflecting and scattering incoming ions.

Figure depicts the influence of deposition step time 74, on the Silicon Grass density D and height
h. In contrast to [ASO8| where the etch step time 7¢p, is fixed, it is calculated according to Equation
A clear trend for both parameters is present. While density D drops from about 4.1 um™2 to
0.8 4m 2, height h increases from 8 um to about 14 um as deposition step time increases. The resulting
structures are shown in Figure The greater density and thinner structures observed for 74, = 7's
(see Figure a)) are explained by the finer grained nanomasking and stronger lateral etching as
compared to the other examples. It is also noted that no polymer agglomeration is observed on the
needle tips, which would protect them from being etched; thus the structures are shorter. In contrast to
this, the structures for 74, = 15 s (see Figure c)) are coarser than the rest. Polymer agglomerates

are found for 74¢, = 11 s and 15 s which explains the equal height for both structures.
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Figure 4.4: Influence of the deposition step time 7,4, on Silicon Grass height h and density D.

Figure 4.5: Different Silicon Grass with 74,/ 7eten @) 75/6 s, b) 115/9 s and ¢) 155/12 5.
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4.1 Silicon Grass Formation

Bias Power

To study the effect of bias power P, on Silicon Grass properties, it is varied from 8 to 21 W. All
other parameters are kept constant, according to the Silicon Grass Process. The etch step time is not
altered, but left at 9 s for every run. Due to the increased etching rate at higher bias power values
(P, =15, 17, 19 and 21 W), nanomasking is affected and sets in several cycles later in the processes.

Figure .6 shows the influence of bias power P, on density D and height h. It is observed that, while
D is reduced by approximately half of its value from 1.8 to about 0.9 um =2, h varies from about 11.8
to 14.8 pm. In contrast to D, where the change occurs steadily with higher bias powers, the maximum
height is reached for P, = 19W. In this regard, it is observed that at higher bias powers (19 and 21 W)
two types of needles develop: some are regularly shaped and others are larger and thicker, see Figure
H Their occurrence is explained by additional masking by carbon dust and film flaking (covered in
Section . Because these larger and thicker needles are spawned by another mechanism, they are
not accounted for in the height measurement. No Silicon Grass formation is observed at 8 W. Instead,
a thin FC-film is found on the surface, which shows that no Silicon Grass could be formed due to

insufficient etching of the FC-film.
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Figure 4.6: Influence of bias power P, on Silicon Grass height h and density D.
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Figure 4.7: Different Silicon Grass types from processes with different values for P,.

From Figure [.7] additional conclusions are drawn. As discussed, ion bowing influences the etching
when the FC-agglomerates and the sidewall passivation film are charged by incident angular electrons
at the upper part of the structures. The charge deflects incoming ions toward the sidewalls and leads to
physical lateral etching (bottling and scattering). By increasing ion velocities, ion deflection is altered
and the point of impact shifts from the upper and middle part toward the base of the needles. When
physical etching at the base becomes stronger, thinner structures are cut off or etched away, explaining
the decrease in density D. At lower bias powers, physical etching occurs at the upper and middle part,
causing needles with small diameters which will eventually bend under their load (see Figure for
P, =10, 12, and 15 W). The effect is also demonstrated by the bent structure at P, = 17 W, where
etching has caused a near cut-off close to the base. Also affected by this shift are the scallops, which

are more pronounced for higher bias powers, where physical lateral etching is reduced, see Figure [4.§]

The geometrical shape of the needles is an important characteristic (e.g. for Silicon Grass with index
matching properties, high mechanical stability or high surface enlargement) and can be affected by
bias power. At high ion velocities, better etching anisotropy leads to cylindrically-shaped needles with
pronounced scallops standing on a flat ground plane. Lower values lead to a gradual change between

smooth structures and the bulk.
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Figure 4.8: Effect on sidewall scallops by a variation of physical lateral etching at a) B, = 12W
and b) 19 W.
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4.2 Metallization of Silicon Grass

In various applications metallized surfaces play an important role, as they provide the conditions for
chemical reactions (e.g. in microreactors), enable electrical functionality or constitute modifiable sensor
surfaces (e.g. for bio-sensors). Here, Silicon Grass presents great potential for silicon-based devices,
where a high surface enlargement leads to an enhanced performance of the device. For this reason,
different metallization techniques for Silicon Grass investigated in [Kie(9] are discussed in this section.
The high aspect-ratio of the Silicon Grass poses challenges for PVD metallization methods so that
enhanced methods (e.g. ionized PVD or oblique angle deposition) are suggested. Electroless plating
provides a cost-effective way to cover the Silicon Grass at a high deposition rate, compared to the
PVD methods. However, the electroless plating techniques generate a rather thick and coarse-grained
layer and require special pre-treatment procedures and therefore must be checked for technological

compatibility.

4.2.1 Physical Vapour Deposition

Evaporation and sputtering are metallization techniques commonly used in semiconductor fabrication.
In the context of this work, where a homogeneous coverage of the three dimensional structures is
desired, sputtering is preferred. It is advantageous compared to evaporation, since the deposition
process has a less pronounced directional characteristic and the deposited film usually exhibits a better
edge coverage, greater conformity and purity.

For the experiments the Silicon Grass is metallized with a commercially available PVD system (LS
250 EF, Ardenne). Al, Au and T are sputtered with different parameter settings (see Table [L.1). T
is used to provide a good adhesion of the Au that is sputtered subsequently. The resulting equivalent

film thicknesses t.q, are measured in-situ by the system.

Table 4.1: Sputter parameters for Al and Au of the LS 250 EF system.

Parameter Al Au T4
P (W) 160 100 160
p (Pa) 0.3 0.3 0.3
Qar (scem) 30 30 30

tequ (M) 200/500 200/500 20

Examining the surfaces by SEM (Figure and Figure shows that Silicon Grass is not covered
uniformly. For both metallization systems, the incoming material reaches mainly the upper part of the
structures. This agglomeration can be especially observed for the 500 nm equivalent film thickness.
Because of shadowing, only a small fraction of sputtered material reaches the bottom of the Silicon

Grass. This effect becomes even stronger as more and more material is concentrated at the tips. In
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Figure b) bending of the structures is noticed, indicating a stress induced by the Al coverage.
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Figure 4.9: Sputtered Al on Silicon Grass. a

Figure 4.10: Sputtered T'i/Au on Silicon Grass. a) teq, = 20/200 nm b) 20/500 nm.

To analyze whether small amounts of the metal are reaching lower parts of the needle, a Transmission

Electron Microscopy (TEM) study is performed. Here, some metallized Silicon Grass was scratched off

with a scalpel and prepared on a thin carbon lattice. The results for 200 nm Al and Awu are given in
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Figure and Figure [4.12] respectively. For both structures the scan starts at the tip and progresses
toward the base as indicated by the red line in the figures.
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Figure 4.11: TEM analysis on Silicon Grass needle with 200 nm sputtered Al.
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Figure 4.12: TEM analysis on Silicon Grass needle with 200 nm sputtered Aw.

The images show that the Silicon Grass geometry is complex and can roughly be described as needle-

like. Because of the gradual transition from the structures to the bulk, the features are not sheared off
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at their bases, rather the upper half breaks off during the preparation with the scalpel. This is why
the structures exhibit a height of only about 5 um.

Scanning for the elemental composition from top to bottom reveals an approximately linear decrease
of metal. At the lower end only a small amount of deposited metal is found. This shows that the cov-
erage is not homogeneous. If fully metallized Silicon Grass structures by PVD are desired, enhanced
techniques such as ionized PVD [Mon99] [SWK¥97] or oblique angle deposition [KL05] should
be considered. A good overview of possible methods for the metallization of nanostructures is given
in [And07]. Alternatively, the geometry of the Silicon Grass is limited to a certain height, density and

profile angle to ensure proper coverage.

Another aspect that influences the deposition process is the scalloped sidewall profile. As every scallop
acts like a small protrusion, the metal material deposits primarily on these edges, shadowing the one
below and as a result, the metal film becomes non-uniform, see Figure {.I3] A similar effect was
observed in M], where columnar, porous structures are found at the sidewalls of trenches, which

are also explained by shadowing effects.

Figure 4.13: Effect of scalloping on the uniformity of a sputtered Au film. t.4,, = 200 nm.
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4.2.2 Electroless plating

Electroless plating is investigated as another method to metallize the Silicon Grass. In comparison to
PVD it is more cost-effective, especially when a greater metal thickness (> 200 nm) is desired. Due to
the semi-conducting nature of the substrate, no electroplating is applied, as the large field gradient at
the Silicon Grass tips would lead to an non-uniform coverage of the structures. The materials tested
are Ni, Cu and Ag.

For Ni and Cu a special pre-treatment is performed to prepare the Silicon Grass, as given in the

following procedure:

1. Acid degreasing (12 min)

2. Colloidal activation (5 min)

3. Rinse in distilled water

4. Activation by hydrogen chloride (HCI) (3 min)
5. Acceleration by NaOH (5 min)

6. Rinse in distilled water

The steps 2, 3 and 4 are repeated three times for best results. In contrast to N7 and Cu, the processing
of Ag requires only steps 1 and 4.

After pre-treatment the surfaces are subjected to the different metallization baths. The Ni bath is
prepared with a commercially available electrolyte (LECTRO-NIC®) Series, Enthone GmbH) used at
a temperature of 82°C. The Ag bath is prepared with silver nitrate (AgNO3), potassium hydroxide
(KOH), ammonia (N Hs), H2O and glucose (CgH120¢) (chemical composition given in [Kie09|). For
the electroless plating with C'u a commercial method (Enplate Cu 872, Enthone GmbH) is used.

In contrast to C'u, good metallization results are achieved for Ni and Ag, see Figures and
M.15] After 2 min in the Ni bath, the structures show a metal coating estimated to be approximately
300 — 500 nm thick. The granular surface morphology observed is the result of the growth mechanism,
which starts from adherent colloids on the structures. As can be seen from Figure the colloids
nearly cover the entire Silicon Grass surface, even reaching its base. While the tips are completely
covered after 2 min, the metallization at the base is still not fully completed, showing that the film
growth is faster at the top. This is also the case for electroless plating with Ag, where good coverage
is achieved after a 10 min treatment, see Figure Because no colloidal activation is needed for the

Ag metallization, the resulting surfaces exhibit a less granular morphology.
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4.2 Metallization of Silicon Grass

Figure 4.15: Metallized Silicon Grass by Ag electroless plating [Kie09).
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4 Silicon Grass Processing

Figure 4.16: Metallized Silicon Grass by C'u electroless plating [Kie09).
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4.3 Adapted Silicon Grass

As the previous sections of this chapter show, Silicon Grass properties can be influenced by paramet-
rical changes and subsequent modification. Depending on the individual application, the Silicon Grass
must be specifically adapted.

The following section gives examples of different Silicon Grass types used for packaging and optical
applications and proves that it is possible to enhance the functionality of the Silicon Grass by choos-
ing the appropriate geometry. In Figure [{.17] the different Silicon Grass types used in the following

investigations are presented. Table [4.2] summarizes the characteristic geometrical properties.

1'0.(()unl1

Figure 4.17: Different types of Silicon Grass.

Table 4.2: Characteristic geometrical properties of the different Silicon Grass types.

Type Height Density Mean distance Sidewall Structure-bulk

um pm =2 nm profile transition
A 3.8 3.8 550 scalloped sharp
B 5.7 1.0 1070 scalloped sharp
C 12.4 2.1 740 smooth gradual
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4.3.1 Silicon Grass for Packaging

Silicon Grass can be used as a method of mechanical bonding between structured S7 surfaces or to
join Si with other materials such as polymers and ceramics (see Section . The method is based
on a large contact area in combination with the form-fitting and interlocking of the surface structures.
In order to optimize the bond and generate high retention forces, the Silicon Grass can be adapted.

Given below are some important properties for good performance in this type of application:

e Large contact area

High tensile strength of the structures

e High number of undercutting features at the structures

Proper ratio of stiffness and flexibility of the structures

Some of the formulated requirements are contrary to one another, which indicates that an optimization
is necessary. A large contact area would be generated by a high Silicon Grass density in combination
with a maximized height and a strongly scalloped sidewall profile. But this will also result in very
thin and flexible structures, where a scalloped sidewall profile is difficult to realize. Furthermore,
the assembly by force fitting is impaired, since structures which are too flexible will not effectively

penetrate each other.

Silicon - Silicon Bond

In the experiment performed, the retention forces (pull-strength) of different types of Silicon Grass in
the Nano-Velcro® are investigated (see Figure . For the test, samples with a size of 10 z 10 mm?
are prepared. The pull test is performed with a commercial tool (Model Z050, Zwick GmbH & Co.
KG). A detailed description of the procedure as well as additional investigations of the Nano-Velcro®
are given in [Kre05] and [SFK™06).

The results of the pull tests are given in Figure a) and clearly show an interdependency between
the Silicon Grass geometry and the pull strength. An increase of pull strength with structure height
indicates that height is an important characteristic in order to achieve high bond strengths. This
is expected, since it defines the thickness of the area of interlocking features and thus the area of
contact of both partners. The performance of Silicon Grass Type C can also be affected by its gradual
transition from structure to bulk material which is beneficial to the stress distribution at the interface.
In order to find the optimum Silicon Grass geometry for Nano-Velcro® applications, further testing

with a wider range of different Silicon Grass types is required.
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Figure 4.18: Results of the a) pull test of the Nano-Velcro® and b) shear test of the Silicon-
Polymer bond with different types of Silicon Grass.

Silicon - Polymer Bond

In another investigation the effect of geometry on the performance of bonds between Silicon Grass and
polymers is analyzed. This time, the shear strength of the bonds is examined. For this task test pylons
of an epoxy-based negative resist (SU —8 2075, Microchem Corp.) with a diameter of 500 um and a
height of 100 um are fabricated on the structured Silicon Grass surface. Processing of SU —8 is opti-
mized to ensure a complete filling of the Silicon Grass by polymer and prevent bubbles by outgassing
of the polymer solvent. The created pylons are sheared off with a commercial shear tester (Model 5600
P/S, FK Delvotec) to evaluate the shear stress at the moment of failure. A detailed description of the
complete investigation is given in [Mue08]. The results are shown in Figure b).

The Silicon Grass - Polymer bonds yield a shear strength which ranges between 24 and 28 M Pa and is
in the order of the maximum tensile strength of the polymer material (csy—s = 60 M Pa). This time,
no clear trend can be observed but Silicon Grass type C shows a slightly reduced shear strength as

compared to the other two types. The investigation of the tested samples reveals a combination of a
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cohesion failure of the SU—8 and the Si (see Figure . The image shows that the rupture starts
inside the polymer and propagates into the S7 after about half the diameter of the pylon. Furthermore,
it is observed that it is not the Silicon Grass which is sheared off, but a chunk of 5% is ripped out of
the substrate. As Si has a tensile strength well above the measured values, its failure is explained by
the etching damage induced during the Silicon Grass process. lHigh energy ions cause small fissures
and cracks inside the near surface material and disturb the crystal structure of the S% thus reducing

its mechanical stability.

shear head

Polymer -
failure

Silicon
failure

Figure 4.19: SEM image of a sheared off SU—8 pylon.

The investigations performed show that it is possible to adapt Silicon Grass for mechanical bonding
applications and achieve higher retention forces by changing Silicon Grass geometry. In the case of
the pull strength, better results are achieved with higher structures which yield a greater contact area
between the bonded surfaces. However, as indicated by the shear tests, it is not only the geometrical
shape of the Silicon Grass which has an impact on the mechanical stability of the bond, but also
the mechanical property of the bulk Si beneath the structures. Furthermore, it follows that it is
the transition from structures to bulk, which is also important for other applications, that should be

considered when optimizing Silicon Grass.
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4.3.2 Silicon Grass for Infrared Applications

As discussed in Section Silicon Grass can be used to enhance the performance of optical or
optoelectronic devices such as silicon solar cells or photo diodes. That is why several studies discuss
the optical properties of Silicon Grass in the UV, optical and near infrared (IR) range up to 1.5 um
[KBS06], [RZNT05|, [YPGT06]. However, in this work, an investigation on the optical properties of
Silicon Grass in the IR range from 3 — 30 um is performed. The transmittance 7 and reflectance R of
two samples with single-side Silicon Grass (types A and C, see Figure are studied, see Figurem
and Figure [£.21] The Si wafers used are (100), double-side polished with a thickness of 425 + 25 um
and a resistivity of 7 — 13 Qem (P-type, Boron).
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Figure 4.20: Transmission of different Silicon Grass samples.
The measurement is performed with an IR ellipsometer (SE 900, Sentech Instruments GmbH).
The samples are positioned at the exit aperture, with the Silicon Grass area facing away from
the detector, toward the light source (incident angle 0 degree). As a reference, an untreated,

plain S% chip from the same wafer charge is used.

The transmission measurement shows that the surface modification turns the Si samples into a long-
wavelength pass filter. For lower wavelengths, a strong decrease in 7 occurs at 5 um (A) and 8 um

(C), respectively.
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For a wavelength greater 8 uym, 7 is improved for both types. It is concluded that for the long-
(8 — 15 wm, LWIR) and far-wavelength (15 — 100 pm, FIR) IR, the Silicon Grass can be treated as an
effective medium. It acts as a broadband anti-reflection layer by gradually matching the indices of the
bulk S to the ambient air.

T of Type A is higher than that of Type C from 8 — 15 um but lower for for wavelengths greater 15 um.
This is attributed to the Silicon Grass geometry, where it is assumed that Type A with higher density
is better suited for index-matching at lower wavelengths than Type C and vice versa. Other remarkable
characteristics are the strong phonon absorption peak at 16.4 um as well as the other fluctuations in

the range from 6 — 25 um, which can all be attributed to lattice absorption of crystalline Si [CE54].
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Figure 4.21: Reflection of different Silicon Grass samples. The measurement is performed
with an FT-IR spectrometer (VERTEX 80v, Bruker Optik GmbH) in combination with the
attached IR microscope (HYPERION 2000). As a reference, an Ag mirror is used, which is

replaced by the individual samples (2 x 2 cm?) to study the reflection normal to the surface.

In Figure [{.21] it is shown that the reflection R is reduced for the whole spectrum. Below 8 um the
reflection decreases further until it reaches zero at approximately 3 um. The behavior corresponds to
the transmission measurement and is explained by an increased absorption in that range. However,
the geometries of the Silicon Grass can not explain this increased absorption below 8 ym, as the mean
distance Z of the structures is below 3 um for both types. To determine the absorption A =1—(7 +R)

of the sample, the data from both measurements is used. The plot is given in Figure [4.22
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Figure 4.22: Absorption A of the samples.

The absorption of Sample A is the result of the absorptions inside the Silicon Grass layer and the bulk
Si:

A=1- (e—asah e—OéSz'(tw—h)) (4.17)

with the attenuation coefficients «;, the height of the Silicon Grass h and the wafer thickness t,,.
As the thicknesses and the attenuation coefficient «,g; are known, the attenuation coefficient aga can
be calculated by solving Equation for agg:

1
asg = 5 (In(1 — A) + agi(tw — h)) (4.18)
From the attenuation coefficient the extinction coefficient k = %ﬁfﬁnyth is calculated, which consti-

tutes the imaginary part of the complex refractive index. It is plotted for wavelengths from 2 — 14 ym,

see Figure 4.23

Comparing the extinction coefficients shows that the absorption inside the Silicon Grass is orders of
magnitude above that of Si. This broadband-enhanced absorption is described for a similar type
of Silicon Grass, fabricated by femtosecond-pulsed laser assisted plasma etching in SFg [WCZT01]
[ILLW™08|. Here, it is found that the high absorption arises from S impurity states induced by the
fabrication process [HT03] [CCST04] [KWAOQ6].
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For the c-DRIE Silicon Grass it is possible that the below-band gap absorption arises from the formation
of C impurity surface states overlapping the Si band edge [MGT70|. S can be ruled out as having a
major effect because several experiments with annealed samples in Ny and O3 for temperatures up to
1000°C' showed no significant change in transmission, excluding adsorbed S at the surface. A change
is expected, as at temperatures above 445°C adsorbed S vaporizes in contrast to C', which does not
sublimate until 3825°C' [Lid05|. Furthermore, no change in transmission is observed when treating the
samples with O, plasma cleaning at elevated bias powers, which shows that the impurities can not be

removed by the treatment.
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Figure 4.23: Extinction coefficient of the different Silicon Grass types.

The literature data is taken from [SKTT71|; carrier concentration is 10 cm=3.

The results show that Silicon Grass has index-matching properties and can be used to create transparent
IR windows in the LWIR and FIR range. However, in order to optimize the performance, the absorption
due to impurities must be limited by efficient cleaning and annealing processes. The different optical
behavior of the Silicon Grass types may also be used to create long-wavelength pass filters in IR-
detection devices (e.g. COy gas sensors).

Further investigations are needed to fully understand the high absorption in the middle-wavelength IR
(MWIR) range and clarify whether the effect can be utilized in opto-electrics. It could lead to new

types of semiconductor devices (e.g. Si-based IR detectors).
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Micro-Electro-Mechanical-Systems

In the following chapter, the integration of Silicon Grass in MEMS is discussed. Recommended tech-
nological processes, associated requirements and limitations as well as appropriate instructions for
handling are given (Section [5.1). In order to demonstrate the integration and feasibility of Silicon
Grass in MEMS, it has been used in a thermo-mechanical actuated cantilever, where it enhances the
dynamic performance of the device (Section [5.2)).

5.1 Integration of Silicon Grass

Because Silicon Grass is generated with a modified ¢c-DRIE process, it can easily be integrated in CMOS
fabrication process runs. Silicon Grass areas are defined by standard lithography, whereby even KOH
etched sidewalls can be modified. Figure [5.1] exemplifies the back-end of a process run, where Silicon

Grass is used to generate enlarged-surface electrical contacts in a highly integrated biosensor device.

Integrated circuit m

Front-end TP —mae— .
. i T— Lithography
processing
Lithography M:,\u\\:‘s.w..‘m.‘.‘.m\\‘e.w..J;»u.‘.‘.\\\\‘.‘.M..L‘:;fs.‘. Metallization

———
‘ i M

il Stripping

Silicon Grass

Figure 5.1: Back-end of a flow chart for a highly-integrated biosensor device with enlarged-

surface electrical contacts.

The advantages of the c-DRIE fabrication of Silicon Grass are low process temperatures, simple in-
tegration and good process control for reproducible fabrication with the possibility of generating a

variety of Silicon Grass types. A disadvantage is the material consumption due to the subtractive
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5 Silicon Grass in Micro-Electro-Mechanical-Systems

nature of the process and the resulting restrictions for fabrication. Some requirements and limitations

when processing and integrating Silicon Grass in MEMS are briefly discussed in the following.

5.1.1 Recommended Technological Processes
Removal of Carbon and Fluorocarbon Residuals

Due to the deposition of the protective FC-film within the process, the resulting Silicon Grass contains
carbon and fluorocarbon residues that are found inside the trenches. These turn out to be highly
resistive to standard Oo plasma treatment or wet chemical cleaning (e.g. Caro’s acid), especially in
high-density Silicon Grass. A better removal can be achieved by physical sputtering in combination
with Oy plasma treatment.

Good results are achieved in the ICP-multiplex system at elevated bias power (P, > 20W, P, = 800W,
p =6 Pa, Qo, = 45 sccm). The duration of the process depends on the Silicon Grass type and ranges
between 5 — 30 min. However, complete removal is hardly possible without affecting the Si structures

themselves. This should be considered if high-purity St surfaces are desired.

Lithography on Silicon Grass

In order to perform lithography on Silicon Grass, the following requirements and limitations must be
considered.

First, in order for the resist to enter the so called WENZEL-state [Wen36|, where a proper wetting and
adhesion of resist is achieved, the fluor-carbon caps on the tips must be stripped off by O, plasma
treatment. Otherwise the resist stays in the CASSIE-BAXTER-state [CB44] where poor adhesion leads
to difficulties in reaching a defined thickness.

Furthermore, the lithography must be adjusted to prevent bubble formation due to outgassing of the
solvent within the structures. Best results are achieved by using low viscosity resists and spinning on
multiple layers with intermediate exsiccation and soft baking steps.

Next, it is found that the exposure dose must be adjusted in order to compensate for the altered optical
behavior of the surface modification. For negative resists, such as SU —8, the exposure dose must be
increased by a factor of 3—4 to achieve good cross-linking within the Silicon Grass. A detailed listing
of process optimizations for joining SU —8 and Silicon Grass is given in [Mue0§].

Finally, the resolution of UV lithography is limited by the density and thickness of the particular Silicon
Grass. However, in the investigations within this work, lithography on Silicon Grass is performed to

define areas for its generation or removal and hence do not require resolutions below 2 um.

Fabrication of Elevated Silicon Grass

In contrast to bottom-up fabrication technologies, the top-down approach with plasma etching does

not allow the fabrication of elevated Silicon Grass in one process step. To achieve this, sacrificial
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Si bulk material has to be prepared previously by etching and subsequently transformed into Silicon
Grass (Type A). Another possibility is etching Silicon Grass after its full wafer generation (Type B).
Both procedures are depicted in Figure [5.2]

Metal removal

A
Lithography [ ]
Etching * W Lithography
Metallization i % Etching
Liftoff T mmmm stipping
Silicon Grass % M Silicon B Metal
m Photoresist

Figure 5.2: Fabrication methods of elevated Silicon Grass.

Method A involves an additional metallization step with subsequent lift-off. For etching, a plasma
process which generates a negatively tapered profile (e.g. the c-DRIE) should be utilized to enable
a good lift-off of the metal. Different metals such as Au, Al or Ni have been tested successfully in
the course of this work. As mentioned in Section [3.:4.4] the use of metal masks can lead to additional
nanomasking via re-adsorption of sputtered metal compounds and may influence the resulting Silicon
Grass. Therefore, its application should be carefully checked with regard to the desired structures and
intended use.

In Method B, Silicon Grass is generated first and then etched away in the desired areas after a lithog-
raphy step. Note that during this process the resist covering the Silicon Grass is also etched. therefore
a sufficient thickness should be applied. Removing Silicon Grass via etching can become an intricate
task due to the carbon and fluorocarbon residuals mentioned before. Therefore, a special process recipe

is developed which is covered in the following.
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Prevention of Silicon Grass

As explained in the introductory section, Silicon Grass generation is often unwanted. It disturbs
homogeneous etching and prevents the creation of smooth trench bottoms. How Silicon Grass formation
can be avoided has therefore been an important question in the RIE etching process. From the findings
of this work, some guidelines are also deduced to effectively avoid the surface structure in ¢-DRIE
processes which are summarized below. All parameter values given refer to the ICP-multiplex of the

present work only:

e Keep deposition step time short, and use proper etch step time to ensure complete residual

removal.

e Ramp etch step time when etching, as nanomasking by etch products becomes stronger in deeper

trenches.
e Add 10 — 20 % O2 to SFy to enable FC-film etching by O.

e Use high power and low pressure mode (P. > 650 W, p < 3 Pa) to deposit high FC-ratio films,

which are removed more easily.

e Use low bias power during etching (P, < 15 W) to prevent attraction of the carbon dust that is

formed.

e If high bias power is needed, use a time delay after deposition to flush carbon dust from the

chamber prior to etching.
e Start the c-DRIE process with an etch step to remove the natural oxide layer.

e Do not use metal or metal-containing masks to prevent non volatile, sputtered mask residuals

from masking.

It might be misunderstood that increased bias power leads to the prevention of Silicon Grass, as
this enhances the physical abrasion of the FC-film. However, all experiments performed show that this
instead increases formation. The most important aspect is to ensure an adequate level of undercutting,

as lateral etching is crucial to remove the clusters.

Removal of Silicon Grass

To remove the Silicon Grass and continue etching into the bulk, a cyclic process recipe is developed.
At first, a short Os cleaning step with applied bias voltage is used to remove remaining residuals of
the Silicon Grass process. It is followed by an isotropic etching step with SFg/O2 to etch the Si
and eliminate the structures. These two steps should be repeated sequentially until the S7 is clean.
Depending on the type of Silicon Grass, the interface between structures and bulk can be several

microns thick, requiring prolonged etching. This must be accounted for when applying the protective
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resist layer on the Silicon Grass. The isotropic etching also leads to an undercut which must be

considered.

Cleaning of Silicon Grass

As the surface modification is created by a self-masking mechanism, the geometrical shape of the
generated structures is statistical to a certain degree so that, for example, the diameters of the features
can only be specified within a certain range. This geometrical variation leads to the decrease of density
observed during structure development (see Section [£.1.2). From this follows that after generation,
disintegrated needles can be present within the Silicon Grass and should be removed by H20 in a
waver rinser/dryer. This technique can also be used to remove highly fragile needles. The remaining
structures, however, are stable and will only be destroyed due to external mechanical forces (e.g.
scratching, wafer fragmenting, rupture of bonded parts). Therefore, when dealing with Silicon Grass
some precautions are necessary to ensure safe and proper use. Some handling instructions are given in

the following.

5.1.2 Health Hazards and Handling Instructions

As Silicon Grass consists of a large number of nano-sized 57 structures which can become airborne,

some considerations about safe and proper use as well as practical handling instructions are given.

Health Hazards

Because nanomaterials have been introduced in variety of different consumer products, questions about
the potential health and environmental hazards of nanoparticles and nanowires arose and required
timely answers. Therefore, a large number of publications have dealt with this subject in recent years
[OBI09]. However, the challenge lies with the great variety of nanomaterial used, so that general
information about its toxicity cannot be given. Furthermore, standardized methods are still under
development for evaluating the respective hazards.

To date, no information on the potential health hazard of Si nanowires, or more specifically, Silicon
Grass could be found. Their potential danger arises from their small sizes, reactive surfaces and high
mobility. Because some types of nanoparticles are evidentially toxic and the shape of the structures
is somewhat reminiscent of asbestos, precautionary principles are advised when dealing with Silicon
Grass. Therefore, the following list of handling instructions is given to provide the maximum safety

possible.
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Handling Instructions

e Wear protective clothing (gloves, mask, safety goggles)

Store and transport the probes with Silicon Grass in closed and labeled boxes

Perform fragmentation or mechanical testing under a flue or within a glovebox

Clean or dispose of equipment after use

Dispose of Black Silicon within special containers or use spray-on adhesives to agglutinate

Avoid contact with or mechanical rupture of Silicon Grass

Furthermore, some additional remarks concerning the design and processing technology of Silicon Grass

are suggested.

Minimize Silicon Grass areas (avoid full wafer generation)

If full wafer generation is necessary, provide for unstructured areas at the wafer rim for safe

handling with tweezers

Use Silicon Grass in the back-end fabrication process if possible

Use resist to cover and protect the Silicon Grass whenever possible (e.g. for dicing)
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5.2 Feasibility Test - A Thermo-Mechanical Actuator

with Integrated Silicon Grass

To demonstrate the integration and feasibility of Silicon Grass in MEMS, it has been used in a thermo-
mechanical actuated cantilever. The device is based on S7 and the photosensitive polymer SU—8 and
demonstrates large deflection, low-temperature operation (e.g. for sensing or manipulating biological
specimens [KCLF03| [CKHKO06]).

During long-term operation, the mechanical stress generated at the interface often results in poor
adhesion and may lead to the polymer layer being peeled off. Furthermore, the dynamic performance
is often limited by the low thermal conductivity of the polymer so that only low switching frequencies
are achieved [JKCO06]. By creating a composite material layer of Si and SU —8, combining the high
thermal conductivity of Si (Ag; = 156 Wm~!K~1) and the high thermal expansion of SU-8 (asyg =
521076 K 1), the dynamic performance of such devices greatly enhanced. An illustration is given in

Figure [5.3

1 i

X

Si contact pads Silicon Grass heating conductor SU-8

Figure 5.3: Sketch of thermo-mechanical actuated bimorph cantilever based on St and SU—8

with integrated Silicon Grass for enhanced performance.

A similar concept for Si/SU —8 based cantilevers is proposed in [WDLS08| where a silicon comb-
structure with embedded SU—8 is used to increase deflection and dynamic performance. The concept
of improved thermal conductivity and rigidity of SU —8 through integration of S¢ structures is also
used in other types of applications such as micro-grippers [DWSL06| and in-plane actuators .
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5.2.1 Actuator Performance
Maximum Deflection

Deflection R~! (defined as the inverse radius of the bending cantilever) can be derived by assuming a
constant temperature distribution and equilibrium of forces and moments in the cross-section of the

cantilever beam and is given in [Muel0]. It can be expressed as follows:
£\ 2

o 1 6AT(O¢1—O&2) (1—|—é>
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The indices refer to the Si layer (1) and the SU —8 layer (2), respectively. The above expression

(5.1)

describes the exact deflection for bimorph cantilevers and, in contrast to the commonly used STONEY

formula, is valid at arbitrary thickness combinations.

Deflection can also be derived by another mathematical approach, based on the principle of minimized
total energy, which is covered in [GCGT00|. Here, a unified theory is formulated that allows the

calculation for multiple layers as well as for different actuation principles. The formula is given below:

R_l _ 6AT(CM1 — Ozg)(tl + tQ) (5.2>
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The method represents a more exact way, because it also accounts for the POISSON’S ratio v of the
materials and should be applied when these differ from one another. As vg; = 0.26 .. 0.28 =~ vgy.g =

0.22 .. 0.33, both of the given formulae can be applied.

Thermal Network Model

To understand how the integration of Silicon Grass brings about a dynamic performance enhancement,

the heat flows inside the cantilever are considered (Figure and a thermal network model is set up,

see Figure [5.5] a).

Because the low thermal conductivity of SU—8 (Asy—g = 0.3 Wm~'K~!) affects the heat flow in and
out of its thermal mass, the vertical conductive resistance of the SU —8 layer is split into two equal

thermal resistances Ry 2 cd,0- Similarly, this split is also performed for the S7 with Ry, 1 cd,0-

In Figure the total lateral and vertical conductive resistances of the corresponding SU —8 and S4
volumes, as well as the total convective and radiative resistances of the respective surfaces are plotted
for lengths from 100 um < I < 10000 pm with width w = 100 wm and the thicknesses to = 35 um and
t1 = 10 um.
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A
Y

w

Figure 5.4: Sketch of the layer construction with heat flows for the Si/SU—8 cantilever. The
indices (1) and (2) refer to Si and SU—8; (cd), (cv) and (rd) to conduction, convection and

radiation, respectively.
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Figure 5.5: a) Thermal network model and b) same model after simplification.

The indices (1) and (v) refer to lateral and vertical conduction, respectively.

101



5 Silicon Grass in Micro-Electro-Mechanical-Systems

th

R /WK’

0 2000 4000 6000 8000 10000

[/ um

Figure 5.6: Plot of the thermal resistances for 100 um < [ < 10000 um at 200°C.

The resistances are calculated according to [GDO6].

From the comparison the following simplifications are derived:

From

The vertical conductive resistance of Si, Ry 10,0 is several orders of magnitude smaller than

the others and can be neglected.

The lateral conductive resistance in the SU —8 layer Ry 2 cq, is found to be much larger than

that in S7, thus ¢ .4 can be neglected.

At temperatures below 200°C', conductive and radiative resistances only significantly affect the

heat flow for [ > 5000 wm and therefore ¢1 cy, @114, P2,c0 and ¢o g are all assumed zero.

The vertical conductive resistance in SU —8 can be assumed zero for cantilever lengths above
2000 pm, but when [ < 300, where Ry, 2 cd0 > Rin1.cd, it significantly affects the heat flow in
the assembly.

these simplifications it is deduced that for temperatures below 200°C' and cantilever lengths

below 2000 pum the thermal network model above can be reduced to the one given in Figure b).

The integration of Silicon Grass decreases R, 2 ¢4, and thus reduces the effective thermal resistance

of the system. Heating is defined by R 240 (as C1 is charged instantly), while for cooling R 1,4

and Ryp 2 c4.» are in serial connection. The dynamic behavior of the device is expressed by the thermal
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time constant 7, which is calculated from the product of effective thermal capacity Cy, ¢y and effective
thermal resistance Ry efy.
7= CihefsRiness (5.3)

The time constant for heating is calculated as follows:

o paca o
— t2
AQ wl )\2

Theat = Ctn2Rin2,cdv = p2 c2 t2 wl (5.4)

with the densities p and the specific heat capacities c.

The time constant for cooling is defined by both resistances Rip 1,ca; Bin,2,cdn and capacitances Cyp 1
and Cyp 2. In the case where [ > 2000 um, then R 1.cd < Rin2.cdp and Teoor can be approximated
with:

l
Teool = (Cin + Cen2)Rinjged) = (preitiwl+ pacata wl) NG w

= — t t
iy (p1c1ty+ p2cata)

However, to benefit from the effects of the Silicon Grass, a design with [ < 300 um is considered, where

Rin1ca = Rin2,cdp- Then if Cip 1 < Cyp 2, Teool can be approximated with:

Teool = Co(Rin1,cd) + Rin2,cdw)

=pycotywl l + f2

= p2 212 Mbw  glw (5.6)
p2cC2 to o  p2C2

= 2

A1t * A2

t3

Finally, the time constant for one full cycle 7., and the operating frequency f = Tcyc_l can be cal-
culated. Usually Theat < Teool, hence 7eye = 27c00. For the two cantilevers shown in Figure
Teyea = 9.6 s and 7oy = 0.72 5. For a cantilever with [ = 100 um, b = 20 um, t; = 5 pm and

to = 15 pm, Teye = 4.0 ms.

Figure plots the operating frequency f and the maximum deflection R~ for varying thickness ratio
tity L as well as for varying length [ of the cantilever. It shows that the thickness ratio greatly affects
both system parameters.

First, if the thickness of the S% layer becomes smaller, the heat flow during cooling is constrained, thus
decreasing f. Second, a maximum deflection is reached for a specific thickness ratio depending on the
E-moduli of the materials and design restrictions. These design restrictions are given by either a fixed
t1, a fixed to or the total thickness of the beam tpeq, = t1 + t2. For the plot in Figure the SU—8
layer thickness is fixed at to = 15 um.

Furthermore, the inversely quadratic influence of [ on f is demonstrated and shows that cantilevers
must be short in order to enter the kH z operating range. It is the thermal capacity of the SU—S8 layer

that is most affective.
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Figure 5.7: Influence of a) varying thickness ratio ¢; t,* and b) cantilever length [ on the

operating frequency f and the maximum deflection R~

5.2.2 Influence of Silicon Grass on the Thermal Properties and
Performance

Thermal Model

The integration of Silicon Grass introduces a change of A because the thermal conductivity is increased
by the S structures. In order to approximate Agg, a mathematical approach is used, which is detailed

in the following.

Asa can be calculated by Ao and the ratio of the thermal resistances:

R
Asc 7 "2 N (5.7)
th,SG
with
to
Rth,Q )\27 (5 8)
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To find Ry, s¢ an example is considered where the Silicon Grass needles have a cone-shaped geometry
and are surrounded in the polymer matrix of the SU —8. The model with the equivalent thermal

network is sketched in Figure 5.8

t

d
Rin,sc =fa Rin(z) dz

z=0

) thh,2(Z) thh,W(Z)
Z =
thh,Z(Z) + thh,1(Z)

Figure 5.8: Sketch of the model with the equivalent thermal network to calculate \gg.
Since 1y <<t with 7, ~ £ = 0.25..0.5 um (Z mean distance of the Silicon Grass), the lateral

thermal resistances are neglected.

Ry s is calculated by integrating the infinitesimal resistances d%Rth(z) from z =0 to ¢:

t

d

Rth,SG:/ 7d Rth(z)dz (59)
z=0 G%

where dRy;,(2) is calculated from the parallel circuit of dRyp, 1(2) and dRyp 2(2)
dRn,1(2) dRyp 2(2)

dR = 5.10
th(2) dRip1(2) + dRyp 2(2) (5.10)
dRip1(2) and dRyp 2(2) are calculated by:
dz
Rona() = 5405 (5.11)
and
dz
ARy (2) (5.12)

2T N A - A1)
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Insertion of 5.11] and [5.12] into [5.10] and simplification resolves into

dz
ARy (z) = 5.13
) = XA T A~ A(2) (5:13)
At a given z the cross-section of the Si, A;(z), is constant, hence the derivative of dRy;,(2) is
d 1
- R = 5.14
2= ) = A D T A A (5:14)

Finally %Rth(z) must be integrated from z = 0 to ¢ (Equation, taking into account the geometrical
change of A;(z)

Ai(2) = (r17)27r (5.15)

which results in

t
Rth,SG:/ 5 ! S dz
=0 A (m3)* 7+ d (37 = (1) 7)

. t T ()\1 — )\2)
= arctan
Tro AQ(AI — )\2) 7“2\/)\2()\1 — )\2)

The parameters in Equation can now be exchanged to relate them to the Silicon Grass parameters

(5.16)

height h and density D discussed in the previous chapters. Substituting for ro with the half of the mean
distance of the Silicon Grass % = % (see Equation and for ¢ with the Silicon Grass height h.
The quantity r; becomes the base radius of the needles r,. After substitution and is inserted

in [5.7] and simplified to get Asq:
Mo — Aa)

arctan (21"5\/5 %)

The thermal conductivity of the composite with Silicon Grass with dimensions h = 15um, D = 1um~™

and 1, = 250 nm is calculated to be Agg = 2.3 Wm 'K ~!. This shows that the thermal conductivity

Asg = 2?"5\/5 (5.17)

2

can be increased by a factor of A = )‘5\?—;" R

If a cylindrical shape is used for the Si structures to approximate the thermal conductivity, even
greater factors are the result (Asg = 33 Wm 'K ~! with A > 110, with equivalent geometry). As the
real geometry of the Silicon Grass cannot be defined exactly, but lies between the cone-shaped and
cylindrical geometry, the thermal conductivity is assumed to be at least as high as given by Equation
b.17] However, this thermal model is only valid for Silicon Structures where the height of the features

h is significantly larger than their mean distance Z.
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Dynamic Enhancement

The model shows that Silicon Grass strongly increases the thermal conductivity of the SU —8 layer.
In order to visualize the dynamic enhancement, the maximum operating frequencies of the cantilevers
are compared. This is displayed in Figure where the ratio of operating frequency ® of different
cantilevers is plotted against the ratio of the thermal conductivities A to demonstrate the dynamic

improvement due to integrated Silicon Grass.

10 -
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Figure 5.9: Dynamic enhancement given by the ratio of maximum operating frequency ® as
function of the ratio of the thermal conductivities A for different cantilevers.
The thickness of the SU —8 layer is 15 um.

The graph shows that the highest enhancement can be achieved for ‘short’ cantilevers with ‘thick’ Si
layers. For [ = 100 um and t; = 10 um, cantilevers can operate up to seven times faster when Silicon
Grass is integrated.

Furthermore, it is seen that ® increases strongly for low values of A. After that, a further increase of
A leads to no significant increase of the operating frequency f. In reference to the findings from the
previous section, where A > 8, it is stated that the standard Silicon Grass is well suited to enhance

devices with this geometrical layout.
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5.2.3 Technology

In the following, the technological realization of the cantilever is discussed briefly. Figure [5.10] shows

a simplified flowchart.

LPCVD
Nitride Silicon Grass
Lithography o
Nitride etching SU-8 Lithography

Silicon Grass
etching

Lithography e Sl
Si etching

L S
|
Metallization '_.— Wet etching

(KOH)

Release
| 4 mm (Plasma etching)

Lift-Off

Figure 5.10: Simplified technological flowchart for the fabrication of the thermo-mechanical

actuated bimorph cantilever.

At first, a 100 nm nitride layer is generated via LPCVD as a mask for the later wet chemical etching
in KOH. The layer is structured either by wet chemical or plasma etching. Flat alignment is crucial
in this first lithography step, as the wet chemical etching and deflection of the cantilever depend on
crystallographic orientation.

After this, ¢-DRIE etching follows, creating the sacrificial S% blocks for the Silicon Grass process
and metallization. The metallization is performed with Ni (300 nm) and an additional Cr (10 nm)
adhesion layer to create the heating conductor and provide an etch mask for the following Silicon Grass
generation.

Next, the SU-S8 lithography is carried out with a spin-on of multiple layers of SU-82005 and SU—-82010
with intermediate exsiccation and soft baking steps to guarantee a good filling of the Silicon Grass
with polymer. The exposure dose is increased to 500 m.J/cm? instead of 160 m.J/cm? for an increased
crosslinking.

Silicon Grass etching with the described sequential process (see Section follows. Due to the
lateral etching of the isotropic process, an undercut of the mask has to be considered.

The Si layer thickness of the cantilever is then defined by c-DRIFE etching, and one-sided wet chemical

etching in KOH is subsequently performed until a layer of 10 pym remains.
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Finally, plasma etching from the backside is used, until the cantilevers are released.
Figure [5.11] shows the fabricated cantilevers in different geometrical layouts. The detailed flowchart is
given in the appendix [Al Additional explanations about the design, of the technological processes as

well as a functional characterization is found in [Muel()].

=
sy

(a) 10.000 x 500 pm (b) 2.500 x 500 pm

Figure 5.11: Cantilevers fabricated with different geometrical layouts [Muel()].
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6 Summary and Outlook

In this final chapter, the key findings of the investigations performed are summarized and briefly
discussed with respect to the intended goal of this work (Section . After that, an outlook is given
in which follow-on studies are suggested and some promising future aspects and applications of the

nano-scale surface modification Silicon Grass are also covered (Section [6.2)).

6.1 Summary

Silicon Grass is a nano-scale surface modification which is formed by self-organizing processes in plasma
etching. It can be actively used to enable new functionalities or enhance the performance of MEMS,
BioMEMS or MOEMS. Its low-cost generation with standard MEMS fabrication equipment makes it
a promising research subject.

The goal of this work is the investigation of the formation, modification and application of Silicon
Grass from the c-DRIE process. In this regard, the central aspect is the reproducible and controlled

generation as well as the selected modification of the Silicon Grass intended to fit specific applications.

Chapter [3|introduces a formation theory of nanomasking, the self-organized mechanism which initiates
Silicon Grass generation. It is derived from the findings of various investigations which are covered in
this chapter.

In the ¢-DRIE process, nanomasking is caused by various mechanisms. In order to reproducibly gener-
ate it on 5%, a variant must be selected which can be governed. This can be achieved by the controlled
abrasion of the deposited inhibiting film in the etching step.

For this purpose, monitoring the 703.8 nm emission line of F' by OES is a useful indicator for finding
the appropriate process window for nanomasking. The method enables reproducible initiation, even
for varying process conditions, and will help to transfer the process to other systems.

Different morphological and chemical studies by SEM, AFM, XPS and AES show that the leftover
material consists of carbon-rich, filament-like clusters with a low FC-ratio (Rpc = 0.38) and hence
exhibits a high thermal and chemical resistance. Sputtered metal compounds from the chamber as
well as adsorbed S are ruled out as the source of nanomasking in the c-DRIE.

The initial morphology of the nanomask is defined by the morphology and laterally varying chemical
composition of the deposited FC-film, but can also be influenced by the process parameters deposition

step time 74y, coil power P. and bias power P, to generate different types of nanomasks. A process
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analysis shows that densities can vary between 14.1 ym =2 and 31.9 um~2. Deposition step time Tdep
is identified to be the most influential parameter affecting the morphology of the nanomask.

Various influences on nanomask formation and morphology are investigated. Here, the phenomenon
of carbon dust formation in CyqFg polymerizing plasmas is most important, as it greatly affects the
morphology when the macro molecules are incorporated in the FC-film. In addition to the carbon dust

formation, the influence of O2 addition, natural oxide, contamination and masking are also discussed.

In Chapter {4 the formation and subsequent modification of the structures are covered.

Silicon Grass is produced by continued etching of the Si in the presence of a nanomask. Once a
certain surface roughness is introduced, the morphology develops into the needle-like structures. By
investigating the progression of Silicon Grass formation, it is shown that the characteristic geometri-
cal features of the structures (structure height h, density D and profile) undergo significant changes
during the process. Furthermore, is is found that, depending on the applied process parameters, the
resulting profiles and sidewall morphology of the Silicon Grass can be changed. Here, the influence of
the two important process parameters deposition step time 74, and bias power P, during etching is
investigated. It is found that height and density of the Silicon Grass can be varied by a change of 74,
while Py, has a strong influence on the profile of the structures.

To prepare the features for certain applications, they must be metallized by subsequent processes. In
this chapter the metallization techniques (PVD and electroless plating) are investigated. It is shown
that the metallization techniques provide only poor coverage of the structures and hence enhanced
metallization techniques should be considered.

Finally, the chapter discusses two exemplary applications: mechanical bonding and IR applications,
and it is shown that an adaption of Silicon Grass to specific applications is feasible. Here, the suitability
of different Silicon Grass types is investigated. If Silicon Grass for bonding applications is desired, the
height as well as the transitional region between structures and bulk Si are important. Furthermore,
it is found that Silicon Grass has index-matching properties and exhibits broad-band anti-reflecting
properties in the LWIR and FIR range. In the NIR and MIR range it shows an unusual level of
absorption dependend upon the specific Silicon Grass geometry. The effect should be investigated in

future works.

Chapter |p| discusses the integration of Silicon Grass in MEMS. General information about possible in-
tegration methods, associated requirements and limitations are given. These range from recommended
and/or useful technological processes e.g. the generation of elevated Silicon Grass to appropriate in-
structions for handling or general design rules.

The possible integration and feasibility of Silicon Grass in MEMS is demonstrated by the technological
realization of a thermo-mechanical actuated cantilever. Here, a theoretical investigation shows that
the implementation of Silicon Grass leads to a dynamic performance enhancement of the device by

introducing an eight-fold increase in thermal conductivity of the compound material in respect to pure
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SU —8. Depending on the geometrical layout, the maximum operating frequency can be increased by

a factor of up to seven times in comparison to an identical cantilever without integrated Silicon Grass.

6.2 Outlook

The presented work establishes fundamental understanding of the Silicon Grass generation in the c-
DRIE process and provides the basis for further investigations. These are recommended to deepen the
understanding and improve the ways to generate, utilize and optimize the surface modification. In the
following, possible additional studies for nanomasking and following structure etching with focus on
improving the Silicon Grass for selected applications are covered. In concluding remarks, the impor-
tant role of ‘Micro-Nano-Integration’ for the utilization of nanotechnology in commercial applications

is discussed.

The reproducible and homogeneous initiation of nanomasking, even for various process conditions, is
crucial for the implementation of Silicon Grass in different fabrication processes. The etching system
utilized should therefore enable a high etching homogeneity, as a radially varying etch rate not only
leads to an inhomogeneous initiation but also inhomogeneous structure etching, producing different
Silicon Grass geometries. In this context, the influence of secondary effects such as mask geometry
and material or carbon dust formation should be eliminated or at least limited.

It is also found that due to the nanomasgking by C| leftover carbon and fluorocarbon residues cannot be
prevented. Therefore generating Silicon Grass with a minimum of inhibitor material is a goal. Here, a
two-step Silicon Grass generation process is suggested: initial nanomask generation via a short process
consisting of several cycles and subsequent structure etching with another etching recipe. This etching
should then be optimized in order to cause a minimum undercut to prevent the removal of the formed
structures, but also to use as little inhibitor as possible. Here, other systems or etching techniques (e.g.
cryo-etching) can be used, where other passivation chemistries are utilized. In this regard, it is also
beneficial to cause nanomasking by sequencing the process with SFs/O2 and using SiOs as inhibitor,

because it is easier to remove in comparison to C.

Another important research subject should be the utilization of Silicon Grass with adaption to specific
applications. Because of the number of different applications of nanostructured surfaces, the properties
required often differ from one another. For all applications the structures should exhibit good mechan-
ical stability and flexibility to prevent their disintegration either during processing or their later use.
But when comparing the Silicon Grass requirements of e.g. the Nano-velcro® and a BioMEMS micro-
reactor, it becomes clear that unique sets of optimal combinations of length, thickness, and density of
the Silicon Grass exist for both applications. Whereas for the micro-reactor the structures should be
as high and as dense as possible to maximize the reactive area, the Nano-Velcro® would benefit from

pyramidal-shaped structures with a moderate height and density. If, however, the reactor requires
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a metallized surface, the Silicon Grass must also be created in order to ensure a proper coverage by
enhanced metallization techniques such as ionized PVD or oblique angle deposition. Therefore, the
focus should lie on Silicon Grass geometry control in respect to specific applications.

In this work, two examples for adapted Silicon Grass are given: IR optical applications and Silicon
Grass bonding, where in both cases a change in geometry leads to different characteristics. In the first
case, the strong below-bandgap absorption should be investigated in greater depth to clarify whether
it leads to a usefull opto-electronic effect. In the other case, a wider selection of Silicon Grass types
should be tested in order to improve retention forces and improve long-term stability of the bond.
Another important prospect of Silicon Grass is general sensor enhancement by utilizing the surface
enlargement of the structures. Here, bio-sensors (micro-balance measurement) as well as mass-flow sen-
sors (temperature distribution measurement) are particularly considered. In the first case, the number
of bio-molecules which can adhere to a resonating element equipped with Silicon Grass can be greatly
enhanced. In the latter case, the surface enlargement will greatly improve the convective heat flow
from the element, thus increasing the temperature gradient.

Finally, actuators based on the nano-structure are also possible. As an example, a pico-liter microflu-
idic pump is considered that uses specially coated and electrically contacted Silicon Grass to cycle
between the CASSIE-BAXTER and WENZEL states of the fluid on top of the structures. The associated

volume change is utilized as the pump stroke and is realized without any moving parts of the device.

The utilization of nanostructures in micro-systems (‘Micro-Nano-Integration’) is a promising prospect
for putting nanotechnology to use in modern day applications. But since most nanotechnology fab-
rication technologies are bottom-up techniques which have a certain degree of ‘randomness’ to them,
future research projects must focus on controlled generation, manipulation and intelligent integration.
Here, Silicon Grass is a good example of this controlled generation and integration.

Effective ways to control and/or manipulate the nanostructures in their nano-scale environment must
be found. How is it possible to position and align carbon nano-tubes on their designated electrical
contacts without the use of inefficient and costly serial manipulation? The only conceivable way to
realize this is the utilization of mass-parallel nano-manipulation by self-organizing processes induced
by external fields. That is why self-organizing mechanisms in nano-electronic fabrication processes

must be investigated in future works.
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Appendix A — Flowchart Cantilever

Prozessplan ZMN
Prozessbezeichnung | Cantilever / Diplomarbeit Lutz Miiller
Projekt/BgA-Thema Diplomarbeit
Verantwortlicher/Tel./FG | Lutz Miiller, Betreuer: Kremin (3421)
Bemerkung
Datum Name Ablaufplanung | Sol/ Ist
Erstellung 13.04.10 | Miller Prozessstart
Freigabe Fertigstellung
Substrate Art Grofle Bemerkung
4 Stk. <100> Silicium, ~300um 4" beidseitig poliert
Maskenname Typ Grofle Bemerkung
BSi Cantilever Metallisierung LMueller | Cr 4"
BSi Cantilever SU8 LMueller Cr 4"
BSi Cantilever KOH LMueller Cr 4"
Hinweise: Prozesschritt einfligen mit Icon 42 oder mit Tastenkombination Strg# (Makros in Word zulassen!)

L]

o fiir gewiinschte Messungen Tabellen einfiigen

e Maskenkopie und Darstellung relevanter Strukturen (Schnittdarstellung) beifiigen

e Nach vollstindiger Bearbeitung Prozessplan kopieren (letzter Bearbeiter), Original an Prozessverantwortlichen geben
und Kopie im zentralen Sammelordner (im Raum 203) abheften

Nr.1 Nasschemie
Prozess: Reinigung

Vorgaben: Erstreinigung, RCA + HF-Dip

Messungen: | Auf Partikel kontrollieren (Dunkelfeld)

Bearbeitung: | Datum: | Name: | Gebucht:
Nr. 2 Plasmalabor

Prozess: Nitridabscheidung Riickseite

(ICPCVD)

Vorgaben: ca. 200nm, minimaler Schichtstress, HQ SiN 300 tensile stack

Messungen: | Ellipsometer: d = n=

Auf Pinholes kontrollieren
Bearbeitung: | Datum: | Name: Gebucht:
Nr.3 Lithografie

Prozess: Maskierung Riickseite fiir RIE

Trockeniitzen

Vorgaben: Maske: BSi_Cantilever KOH_LMueller (Halbmaske)
Lack: AZ6635 (Plasmabesténdigkeit: 200nm Nitridétzen!)

Messungen: | keine

Bemerkung: | Maske fiir KOH Atzung! Flatjustage

Bearbeitung: | Datum: | Name: Gebucht:

Nr. 4 Plasmalabor
Prozess: RIE (Oxford) Trockeniitzen
ICPCVD-Nitrid

Vorgaben: Strukturierung Nitrid 200nm

Bearbeitung: | Datum: | Name: | Gebucht:
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Nr.5 Nasschemie
Prozess: Lack entfernen + Reinigung
Vorgaben: Entfernung des Schutzlacks + Caro'sche Reinigung
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 6 Lithografie
Prozess: Maskierung Vorderseite und
Schutzlack Riickseite
Vorgaben: Maske: BSi_Cantilever Metallisierung_LMueller (Halbmaske)
Bottomjustage!; Lack: AZ9260; 6um Lackdicke
Riickseitenschutzlack zum Schutz vor Plasmaumgriff ICP!
Messungen: | keine
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr.7 Plasmalabor
Prozess: Trockenitzen (ICP)
Vorgaben: 6' SPEC_B zur Tiefenitzung (Temperatur kontrollieren!) --> Atztiefe kontrollieren!
ca. 20pm (Messung:26um)
Messungen: | Messung Atztiefe
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr.8 Plasmalabor
Prozess: Nitridabscheidung (ICPCVD) - ETETET T
Vorgaben: ca.50nm (Rate ~15 nm/min)
Messungen: | keine
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 9 Plasmalabor
Prozess: Metallisierung (Bedampfen) LEL oL & B 8 e
Ardenne
Vorgaben: Cr: ca.10nm:; Ni: ca. 300nm (Rate ~0.25 nm/s)
Messungen: | keine
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 10 Nasschemie
Prozess: Lift-Off | =l e
Vorgaben: Aceton 10’
Messungen: | Mikroskopie ob Metall vollstindig entfernt, Messung Heizwiderstinde
Bemerkung:
Bearbeitung: | Datum: | Name: | Gebucht:
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Prozessplan ZMN
Nr. 11 Lithografie
Prozess: Schutzlack Riickseite | [ =l =t —_—
Vorgaben: Riickseitenschutzlack zum Schutz vor Plasmaumgriff ICP! (AZ1518)
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 12 Plasmalabor
Prozess: Erzeugung Silicon Grass (ICP) | |00 etV o —
Vorgaben: Standardtyp: BS2 75; vorher Anlage konditionieren: 10' BS2 mit Dummy
Mit Ring!
Messungen: | keine
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 13 Lithografie
Prozess: SU-8 2010 Spin-On m
Vorgaben: 2 Schichten SU-8 2005 (Pipette) + 2 Schichten SU-8 2010 (direkt aus Flasche; rel. viel)
ramp 10s@250rpm/s --> 2500rpm schleudern fiir 25s
Leveling: 10min/Schicht; Softbake: SU-8 2005: 90s@90°C; SU-8 2010: 180s@95°C
Messungen: | keine
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 14 Lithografie
Prozess: SU-8 Belichtung & PEB
o VYT
Vorgaben: Maske: BSi_Cantilever SUS_LMueller (Halbmaske)
Ohne I-Linien-Filter! UV-Filter benutzen! (Glaswafer beschichtet mit SU-8) -->
vorher ausmessen
HardContact; Dosis: 500mJ/cm? (z.B. 120s@4,2mW); Bottomjustage!
PEB: Rampe zur Stressreduktion: in 20" auf 85°C, 30" halten, in 30" auf 20°C abkiihlen
Messungen: | keine
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 15 Nasschemie
Prozess: SU-8 Entwicklung | 0 |
Vorgaben: Smin in PGMEA
Rinse in IPA (sehr griindlich!); Spiilen in Di H20; Trocknen
Messungen: | Sichtkontrolle Lichtmikroskop, Messung Dicke SU8 mit Fokusmessung
Bemerkung:
Bearbeitung: | Datum: | Name: | Gebucht:
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Nr. 16 Lithografie

Prozess: Schutzlack Riickseite
Vorgaben: Riickseitenschutzlack zum Schutz vor Plasmaumgriff ICP! (AZ1518)
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 17 Plasmalabor

Prozess: Trockeniitzen (ICP), Entfernung

restliches SG und Tiefenstrukturierung | ... — — — — -
Vorgaben: 5' 02-Cleaning; ca. 10' Si_ISO 3

Temperatur kontrollieren! Atztiefe kontrollieren!

ca. 25pm bzw. 10um unterhalb der Metallisierung
Messungen: | Messung Atztiefe; Untersuchung des SU8 auf Beschidigungen
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 18 Nasschemie

Prozess: Lack entfernen .
Vorgaben: Entfernung des Schutzlacks (Riickseite) ohne Einfluss auf das SU-8
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 19 Messlabor

Prozess: Vermessung des Waferprofils

(FRT)
Vorgaben: Vermessung der Waferdicke, Ermittlung der diinnsten Stelle und Dickenschwankung
Messungen: | s.0.
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 20 Nasschemie

Prozess: KOH Tiefenitzen VTV Y TV VY
Vorgaben: mit Einseitendtzvorrichtung

bis ca. 10um vorm Durchétzen (ca. 270pm, entsprechend der gemessenen Dicke)
Messungen: | Messung der Atztiefe (Fokusmessung Lichtmikroskop), ggf. Nachiitzen
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 21 Lithografie

Prozess: Schutzlack Vorderseite @~ | = e e e e ———
Vorgaben: Schutzlack zum Schutz vor Einfliissen des Siigeprozess (AZ9260)
Bemerkung:
Bearbeitung: | Datum: | Name: | Gebucht:
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Prozessplan ZMN
Nr. 22 Prozess: Vereinzelung (Sigen)
Vorgaben: Ségen in Einzelchips; UV-losliche Sigefolie benutzen!
Messungen: | keine
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 23 Nasschemie
Prozess: Entfernung Schutzlack | E—
Vorgaben: Entfernung des Schutzlackes ohne Angriff des SU-8
Vorsicht: diinne Membranen (10pm)
Messungen: | keine
Bemerkung:
Bearbeitung: | Datum: | Name: Gebucht:
Nr. 24 Plasmalabor
Prozess: Freiitzen(dc? | |~~~ —_—
Vorgaben: 20' Dil_etchy + je 5' (falls notig); ca. 10um bzw. bis die Cantilever vollstédndig
freigeétzt sind;
Von der Riickseite; Tragwafer verwenden; Temperaturwert beachten
Messungen: | keine
Bemerkung:
Bearbeitung: | Datum: | Name: | Gebucht:
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C.1 Theses

e Silicon Grass is a nano-scale surface modification, that can be actively used to enable new
functionalities in, or enhance the performance of Micro-Electro-Mechanical-Systems (MEMS),
Biological MEMS (BioMEMS) or Micro-Opto-Electro-Mechanical-Systems (MOEMS). It can be
cost-effectively fabricated with standard MEMS fabrication equipment.

e Silicon Grass generation in the cyclic Deep Reactive ion Etching (c-DRIE) process is initiated

by nanomasking, a self-organized process, that can be induced under specific plasma conditions.

e Nanomasking is caused by various mechanisms. In order to reproducibly generate it on St, a
variant must be selected which can be governed. This is achieved by the controlled abrasion of
the inhibiting film in the etching step, at a setting where etching and passivating are close to

equilibrium.

e Reproducible nanomasking can be controlled using the F'(703.8 nm) emission line by OES as an

indicator for adjusting the time constants of the process.

e The nanomask consists of carbon-rich, filament-like clusters with a low FC-ratio (Rpc = 0.38)

which exhibit a high thermal and chemical resistance.

e The initial morphology of the nanomask is defined by the morphology and laterally varying
chemical composition of the deposited FC-film and can be influenced by varying the process

parameters deposition step time 4y, coil power P. and bias power B,.

e The phenomenon of carbon dust formation in CyFg polymerizing plasmas greatly affects nanomask-

ing when the macro molecules are incorporated in the FC-film.

e The generation and morphology of the nanomask is affected when the ratio of etching to passi-
vating is changed. This is caused by addition of Oy as a precursor gas, the presence of an initial

natural oxide film, wafer and chamber conditions and the utilization of a mask.

e Once nanomasking has caused a certain surface roughness, the morphology develops into the

needle-like structures as part of the process.
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The resulting profile of the Silicon Grass can be changed by manipulating process time, deposition
step time t4c, and bias power P,. It is possible to generate Silicon Grass with heights from

0.5—30 pm, densities from 10—1 um =2 and smooth or scalloped sidewalls.

Subsequent modification of the Silicon Grass by metallization, thermal oxidation and coating

with a fluorocarbon film is feasible for adapting the structures for specific applications.

Silicon Grass for bonding applications benefits from a high surface area as well as a smooth

transition region between structures and the bulk Si.

Silicon Grass has index matching properties and exhibits broad-band anti-reflecting properties
in the long-wavelength and far infrared (IR). In the short- and mid-wavelength IR it shows a
high level of absorption dependend on the Silicon Grass type.

The feasibility of Silicon Grass integration is demonstrated by the realization of a thermo-

mechanically actuated cantilever based on Si and SU —8.

Silicon Grass introduces an eight-fold increase in thermal conductivity of a compound material
layer consisting of SU—8 filled Silicon Grass in comparison with pure SU—8. This can be utilized
to enhance the dynamic performance of thermo-mechanical devices based on a combination of

Si and polymers.
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C.2 Thesen

e Siliciumgras is eine nano-scalige Oberflichenmodifikation, welche aktiv eingesetzt werden kann
um neue Funktionalititen zu ermdglichen oder die Effizienz von Mikro-Elektro-Mechanischen-
Systemen (MEMS), Biologischen MEMS (BioMEMS) oder Mikro-Opto-Electro-Mechanischen-
Systemen (MOEMS) zu verbessern. Sie kann kostengiinstig mit handelsiiblichen Atzanlagen

hergestellt werden.

e Die Bildung von Siliciumgras im zyklischen reaktiven lonentiefenétzprozess wird von einer Nanomask-
ierung initiiert, welche selbstorganisiert entsteht und unter bestimmten Bedingungen im Plasma

erzeugt werden kann.

e Die Nanomaskierung wird durch verschiedene Mechanismen hervorgerufen. Um sie reproduzier-
bar auf S7 zu erzeugen, muss ein Mechanismus gewihlt werden, welcher sich steuern ldsst. Dies
wird durch den kontrollierten Abtrag des abgeschiedenen Fluor-Kohlenstofffilms (FC-Film) im
Atzschritt erreicht. Dabei befinden sich Atzen und Passivieren in der Nihe des Gleichgewicht-

szustandes.

e Der Nanomaskierungsprozess kann kontrolliert werden, indem man mittels OES die Emission-

slinie des Fluor F'(703.8nm) als Indikator nutzt, um die Zeitkonstanten des Prozesses einzustellen.

e Die Nanomaskierung besteht aus kohlenstoffreichen, filamentartigen Clustern, die ein niedriges
Fluor-Kohlenstoff-Verhéltnis (Rrpc = 0.38) sowie eine hohe thermische und chemische Stabilitat

aufweisen.

e Die Morphologie der Nanomaskierung geht aus der Morphologie und der lateral variierenden
chemischen Zusammensetzung des abgeschiedenen FC-films hervor und kann durch eine An-
derung der Prozessparameter Passivierungsschrittdauer 74p, Spulenleistung P, und Biasleistung

P, beeinflusst werden.

e Das Phénomen der Kohlenstoffpartikelerzeugung in CyF3 polymerisierenden Plasmen hat einen
starken Einfluss auf den Nanomaskierungsprozess, wenn die Makromolekiile in den FC-Film

eingebaut werden.

e Die Erzeugung und Morphologie der Nanomaskierung wird durch eine Anderung des Verhilt-
nisses zwischen Atzen und Passivieren beeinflusst. Dies wird durch das Hinzufiigen von O, als
Precursor-Gas, die Existenz eines natiirlichen Oxidfilms, den Wafer- und Kammerzustand sowie

durch die Verwendung einer Maske beeinflusst.

e Sobald die Nanomaskierung eine bestimmte Oberflichenrauhigkeit erzeugt hat, entwickelt sich

die Morphologie wiahrend des Prozesses hin zu nadelférmigen Strukturen.



Appendix C — Theses

Das resultierende Profil des Siliciumgrases kann durch die Prozesszeit, Passivierungsschrittdauer
Tdep und Biasleistung P, verdndert werden. Es ist moglich, Siliciumgras mit einer Hoéhe von

0.5-30um, einer Dichte von 10—1um =2 und mit glatten oder gerippten Seitewiinden herzustellen.

Die nachfolgende Modifizierung von Siliciumgras durch Metallisieren, thermische Oxidation und
Beschichtung mit einem Fluorkohlenstofffilm ist realisierbar, um die Strukturen an spezielle

Anwendungen anzupassen.

Fiir Aufbau- und Verbindungstechniken eignet sich Siliciumgras mit einer grofen freien Ober-

fliche und einem graduellen Ubergang zwischen den Strukturen und dem Si Bulkmaterial.

Siliciumgras passt die Brechzahl von Silicium zu Luft an und besitzt eine breitbandige, entspiegel-
nde Wirkung im Bereich des langwelligen und fernen Infrarot. Im Bereich des kurzwelligen und
mittleren Infrarots zeigt es ein ausgeprigtes Absorptionsverhalten abhingig vom verwendeten

Siliciumgrastyp.

Die Durchfiihrbarkeit einer Integration von Siliciumgras wird anhand der Realisierung eines

thermo-mechanisch aktuierten Cantilevers auf der Materialbasis von S7 und SU—8 demonstriert.

Durch das Siliciumgras wird eine acht-fache Erhéhung der thermischen Leitfihigkeit der Lage
des Verbundstoffmaterials aus SU — 8 gefiilltem Siliciumgras im Vergleich zu reinem SU —8
erzielt. Dies kann zur Verbesserung der dynamischen Eigenschaften von thermomechanischen
Funktionselementen genutzt werden, welche auf einer Materialkombination aus St und Polymeren

basieren.
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