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Abstract

MEMS pressure sensors are used in a wide variety of applications in everyday
life. Most sensor concepts are based on the deformation of a diaphragm, which
is transduced into an output signal by piezoresistive, capacitive, optical or other
means. For the smallest reported pressure sensors, the diaphragms are of length
scales in the order of tens of µm. For some applications, size is very critical and
smaller sensors than the state-of-the-art are required.

In this thesis, a pressure sensor based on a carbon nanotube field-effect tran-
sistor (CNFET) is proposed and developed. Single-walled carbon nanotubes
(SWNTs) have gained attraction in the past decades among other things due to
their exceptional mechanical and electrical properties, and different concepts for
using SWNTs in pressure sensor applications have been reported. In the here
proposed sensor concept, the key element is a suspended top gate upon a de-
formable diaphragm, which is integrated across a CNFET. Pressure changes vary
the gap between the top gate and the SWNT channel, which leads to a change in
the induced electric field, and therefore the CNFET current is modulated.

Appropriate design dimensions are obtained by finite element simulations, ac-
cording to which test diaphragms are fabricated. The developed fabrication pro-
cess allows to produce ultra-small thin film diaphragms using a dry XeF2 silicon
sacrificial layer etch. Diaphragms with 1 - 10 µm radius and 30 - 50 nm thickness
are fabricated, and the diaphragm material ALD Al2O3 is optimized in terms of
residual stress. A method for sealing the access holes, employing 1.7 µm thick
aluminum structured by lift-off, is proposed and successfully implemented.

The process flow for CNFET fabrication is improved in several aspects. By
using SEM instead of AFM, the time required to localize the SWNTs for draw-
ing individual masks can be significantly reduced. Selective etching of SWNTs
is introduced into the process flow to remove the excess tubes surrounding the
selected SWNTs. The influence of the top gate architecture on the CNFET charac-
teristics is tested by electrical measurements. Suspended gate CNFETs with good
device characteristics can be fabricated at an acceptable yield.

The proposed concept of transistor current modulation with changing gap is
proven by pressure sensor measurements. The transfer characteristics of two
measured devices, obtained at different pressures in the range of 1 - 2.2 bar, show
a distinct and reversible pressure dependence in accordance with the proposed
modulation. Based on the measurements, a normalized sensitivity in the order
of ∼10%/bar is determined, which is a remarkable value considering the very
small size (3 µm radius) of the employed diaphragms. Additionally, the devices
operate at a very low power of 30 nW.
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Zusammenfassung

MEMS-basierte Drucksensoren werden in einer Vielzahl von Anwendungen im
täglichen Leben eingesetzt. Die meisten Sensorkonzepte beruhen auf der Verfor-
mung eines Diaphragmas, welche mit Hilfe von piezoresistiven, kapazitiven oder
anderen Methoden in ein Ausgangssignal umgewandelt wird. In den kleinsten
derzeit publizierten Drucksensoren ist die Grössenordnung des Diaphragmas
meist im Bereich von mehreren 10 µm. Für einige Anwendung ist der verfüg-
bare Platz jedoch beschränkt, und kleinere Sensoren als es der momentane Stand
der Technik erlaubt werden benötigt.

In dieser Arbeit wird ein Drucksensor basierend auf einem Kohlenstoff-
Nanoröhrchen-Feldeffekttransistor (CNFET) vorgeschlagen und entwickelt. Ein-
wandige Kohlenstoff-Nanoröhrchen (SWNTs) haben in den letzten Jahrzehn-
ten an Aufmerksamkeit gewonnen, da sie unter anderem über aussergewöhn-
liche mechanische und elektrische Eigenschaften verfügen. Über verschiedene
Konzepte zur Einbindung von SWNTs in Sensoranwendungen wurde berichtet.
In dem hier beschriebenen Sensorkonzept ist das Schlüsselelement eine aufge-
hängte Topgate, welche sich auf einem deformierbaren Diaphragma über dem
CNFET befindet. Druckänderungen variieren den Abstand zwischen der Topga-
te und dem SWNT-Kanal des Transistors. Diese Abstandsänderung beeinflusst
das durch die Gate-Spannung induzierte elektrische Feld, wodurch sich der Tran-
sistorstrom ändert.

Mit Hilfe von Simulationen werden passende geometrische Grössen des
Diaphragmas ausfindig gemacht, aufgrund welcher Teststrukturen fabriziert
werden. Der entwickelte Herstellungsprozess ermöglicht die Fabrikation von
sehr kleinen Dünnfilm-Diaphragmen basierend auf einem Silizium-Opferschicht-
Prozess, wobei die Strukturen in einem XeF2 Trockenätzverfahren freigelegt wer-
den. Diaphragmen mit Radien von 1 - 10 µm und 30 - 50 nm Dicke werden herge-
stellt, und die ALD Al2O3 Dünnschicht des Diaphragmas wird hinsichtlich der
Verringerung der Restspannung optimiert. Zudem wird ein Verfahren zum Ver-
schliessen der Ätzlöcher, welches auf einer 1.7 µm dicken Aluminiumversiege-
lung strukturiert durch Lift-Off beruht, vorgeschlagen und erfolgreich angewen-
det.

Der Fabrikationsprozess zur Herstellung der CNFETs wird in verschiedener
Hinsicht verbessert. Durch die Verwendung des SEMs anstatt des AFMs zur
Lokalisierung der SWNTs wird die benötigte Zeit zur Erfassung der SWNT-
Positionen für die individuelle Kontaktierung deutlich verringert. Ein selekti-
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ver Ätzprozess zur Entfernung von überflüssigen SWNTs wird in den Prozess-
fluss integriert. Der Einfluss der Topgate-Architektur auf die Transistorkurven
der CNFETs wird anhand elektrischer Messungen analysiert. Mithilfe des entwi-
ckelten Prozessflusses gelingt die erfolgreiche Herstellung von CNFETs mit einer
aufgehängten Topgate, welche gute elektrische Eigenschaften aufweisen und zu-
dem mit akzeptabler Ausbeute produziert werden können.

Die Anwendbarkeit des vorgeschlagenen Konzeptes der Änderung des Aus-
gangsstroms in Folge des variierenden Abstands wird durch Druckmessungen
bewiesen. Die Transistorkurven von zwei Devices, gemessen unter verschiede-
nen Drücken zwischen 1 und 2.2 bar, weisen eine eindeutige und reversible
Druckabhängigkeit auf, welche mit der erwarteten Modulation übereinstimmt.
Basierend auf den Messdaten wird eine normalisierte Sensitivität in der Grös-
senordnung von 10%/bar ermittelt. Dies ist ein bemerkenswerter Wert, betrach-
tet man die sehr kleine Grösse (3 µm Radius) der verwendeten Diaphragmen.
Zusätzlich können die Devices mit einem sehr geringen Energieverbrauch von
30 nW betrieben werden.
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1 Introduction

1.1 MEMS pressure sensors

In the course of the last decades, microelectromechanical systems (MEMS) have
become an integral part of our everyday life. The steady progress of MEMS is
closely linked to the developments made in the field of microelectronics, as the
fabrication processes are related.

It may or may not be a coincidence that the Bell laboratories, the birthplace of
the transistor, was also the institution where the foundation for MEMS was laid,
when the piezoresistive effect in silicon and germanium was first measured in
1954 [1] and further exploited in the following decades [2].

Based on these findings, pressure sensors were proposed that can be regarded
as the earliest examples of MEMS. The semiconducting elements were integrated
onto small diaphragms [3], and owing to their superior gauge factors over the
previously used metals, a lot of research on these novel piezoresistive pressure
transducers was triggered [4, 5].

In the 1970 a new class of MEMS pressure sensors started to emerge, which
made use of the changing capacitance when the gap between two plates is
changed [6, 7]. Promising advantages over the piezoresistive sensor type were
identified − higher pressure sensitivity, lower temperature sensitivity, lower
power consumption− but on the downside they showed nonlinear behavior and
were larger in die size, as more complicated circuitry than for the piezoresistive
type was needed [8].

The improvements that were enabled by exploiting the field of MEMS pressure
sensors were recognized from an early stage on, and they started to become a ser-
ious competitor for the conventional concepts. This triggered ever more research
on the improvement of the novel devices. The initial driving force behind the
exploitation of MEMS pressure sensors was the superior device performance −
higher sensitivity, excellent linearity and low power consumption. The drastic
size reduction achieved by switching to microfabrication was a welcome side
effect, but the main application fields that require such small devices (e.g. con-
sumer electronics or micro robotics) did not yet exist.

According to early predictions that the two concurring sensor types would
rather coexist than outrival each other, they both found their place in the field
of technology and they continue to be the most widely studied MEMS pressure
sensor concepts. Nowadays, commercially available pressure transducers are al-
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1 Introduction

most exclusively founded on the two main concepts of MEMS pressure sensors,
piezoresistive or capacitive.

In the huge domain of MEMS, pressure sensors are undoubtedly one of
the most successful type, accounting for a large portion of the MEMS mar-
ket with increasing growth rates [9]. The main application areas include con-
sumer/commercial (e.g. barometer, altimeter), automotive (e.g. manifold air and
tire pressure), industrial (e.g. process and flow control) and medical (e.g. monit-
oring of blood pressure), as well as military and aerospace applications [10–13].

As outlined above, many of these applications do not require an ultimate
downscaling of the sensor size, but its implementation is justified by the sensor
performance. For some applications however, most prominently in medicine
and wearable electronics, smaller and less power hungry sensors than the
state-of-the-art are demanded.

In the past decades several integrated systems have been proposed to monitor
the pressure inside the body, e.g. bladder pressure [14–16] or blood pressure [17].
These systems are however typically still quite bulky, which restricts their applic-
ation to areas where space is abundant.

For other applications, e.g. pressure measurements inside the heart or blood
pressure measurements in capillaries, a size reduction is required to enable mon-
itoring the status of the human body without interfering with its functionality.

1.2 Objectives and structure of this work

The diaphragm diameters of state-of-the-art small pressure sensors are typically
in the order of 100 µm. The goal of this thesis is to exploit an option for pressure
measurements in applications where space is very limited. Therefore, the aim is
to develop a pressure sensor with a reduced footprint of the active elements, and
in particular an ultimate reduction of the size of the diaphragm. Limitations are
given by the achievable mechanical sensitivity of the diaphragm, i.e. the deflec-
tion that is resulting from a certain pressure load. This deflection then has to be
transduced into an electrical signal, while the fundamental transduction concept
is based on a carbon nanotube field-effect transistor.

Chapter 2 provides the reader with relevant theoretical background to under-
stand the fundamental aspects of the sensor operation. This includes the concepts
determining the electronic transport in carbon nanotube field-effect transistors
and the fundamentals of membrane mechanics. Additionally, a state-of-the-art
literature review on small MEMS pressure sensors is given.

In Chapter 3, the working principle of the suspended gate carbon nanotube
field-effect transistor (SG-CNFET) pressure sensor is proposed. For that purpose,
function requirements are defined and relevant design parameters are determ-
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1.2 Objectives and structure of this work

ined. The impact of various geometrical parameters is estimated by mechanical
simulations and a final device design is established.

Chapter 4 presents the development of ultra-small diaphragms by ALD Al2O3.
This includes the evaluation of the suggested fabrication process, investigations
on the reduction of residual stress, as well as the sealing and characterization of
the released diaphragms.

The development of the fabrication process for the proposed devices is dis-
cussed in Chapter 5. This mainly includes the integration of the diaphragms into
the standard CNFET fabrication process. The transfer characteristics of the pro-
duced devices are measured at different process steps to investigate the electrical
integrity of the CNFETs and the compatibility with the process flow.

Chapter 6 presents the pressure dependent transistor measurements on two
devices, which are to our best knowledge the first pressure sensor measurements
based on a suspended gate CNFET architecture.

Finally, the obtained sensor performance is critically evaluated in Chapter 7.
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2 Theory and state-of-the-art

This chapter discusses the theoretical background required to understand the
electrical and mechanical building blocks of the device. In the first part, the basic
operation of CNFETs is discussed. A hypothesis is proposed how the change in
gate coupling (as expected from operation in pressure sensing applications) will
influence the transfer characteristic. The second part explains the basic mech-
anics of membrane structures under pressure load. Finally, a review on the
state-of-the-art in small pressure sensors is provided.

2.1 Carbon nanotube field-effect transistor

The schematic of a carbon nanotube field-effect transistor (CNFET) with a global
back gate is depicted in Figure 2.1. The CNFET consists of a source and a drain
electrode connected by a single-walled carbon nanotube (SWNT).1 The current
flowing through the SWNT is influenced by the gate electrode, which is separated
from the SWNT by a gate oxide layer and determines the electric field at the tube
level. After their first demonstration in 1998 [18], CNFETs have been intensively
studied to understand the electronic transport mechanisms. A short review of the
most important aspects of CNFETs is given in here, starting with the fundamental
properties of carbon nanotubes. The section is based on the work by Dresselhaus
et al. [19] and Charlier et al. [20], to which the reader is referred to for a more
in-depth description of SWNTs and CNFETs.

SWNT 
Drain Source 

Back gate Gate oxide 

Figure 2.1: Schematic of a CNFET with a global back gate.

1This discussion is restricted to single-walled carbon nanotubes. Multi-walled CNTs (MWNTs), con-
sisting of concentric cylinders of SWNTs, can be implemented into CNFETs as well.
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2 Theory and state-of-the-art

2.1.1 Single-walled carbon nanotubes (SWNTs)

Carbon nanotubes were first reported by Iijima in the form of multi-walled car-
bon nanotubes (MWNTs) in 1991 [21], followed by the discovery of SWNTs in
1993 [22]. Being a tubular molecule consisting only of carbon atoms, a SWNT
can be regarded as a rolled up graphene sheet, which is a layer of carbon atoms
arranged in a honeycomb lattice.

The structure of a carbon nanotube is defined by the angle under which the
graphene sheet is rolled up (chiral angle θ) and the SWNT diameter or circumfer-
ence length (see Figure 2.2).

q 

a1 

a2 

Ch 

Figure 2.2: Definition of the SWNT structure by the chiral indices n and m. The
SWNT is formed by rolling up the shaded area of the graphene sheet
to a cylinder with Ch defining the circumference.

The circumference of a SWNT corresponds to its chiral vector Ch, which is
defined by the chiral indices n and m. These chiral indices describe the number
of steps along the graphene cell unit vectors a1 and a2, respectively. Therefore,
the SWNT diameter dSWNT can be extracted from the length of Ch according to

dSWNT =
|Ch|

π
=

a
π

√
n2 + nm + m2 (2.1)

where a =
√

3 · aCC is the graphene lattice constant with aCC = 1.42 Å being the
carbon-carbon bond length. The chiral indices furthermore allow the assessment
of θ, which is defined as the angle between Ch and a1

6



2.1 Carbon nanotube field-effect transistor

θ = arccos(
2n + m

2
√

n2 + nm + m2
) (2.2)

Based on the chiral angle, three classes of SWNTs can be identified; zigzag
(θ = 0◦), armchair (θ = 30◦) and chiral (0◦ < θ < 30◦) tubes.

The chiral structure and therefore the arrangement of carbon atoms in a SWNT
has a large influence on its electronic properties. It has been found that SWNTs
can be either metallic or semiconducting, and the type can be directly traced
back to the chiral indices. The fundamental aspects of the electronic proper-
ties of SWNTs are based on graphene, which is regarded as a zero-gap semicon-
ductor [23]. The zero band gap is manifested in six characteristic Dirac points at
the corners of the Brillouin zone, in which the conduction and the valence bands
touch.

In SWNTs, the band structure is influenced by the rolling of the graphene,
which imposes periodic boundary conditions on the circumference. This leads
to a quantized set of lines forming the 1D Brillouin zone of SWNTs. The chiral
indices define the number and spacing of these lines, each of which corresponds
to a 1D subband. If none of the subbands are intersecting with one of the Dirac
points of the graphene Brillouin zones, a band gap is present and consequently
the SWNT is semiconducting.

Based on these considerations, the electrical type of a SWNT can be directly de-
duced from the chiral indices n and m. It turns out that the SWNT is (quasi-)metal-
lic if (m− n) is a multiple of 3. This class contains most notably all armchair tubes,
identified by m = n, as well as a part of the zigzag and chiral SWNTs.

A particularity of metallic carbon nanotubes stems from the breaking of the
bond symmetry due to the curvature of the rolled up cylinders [24]. This results
in small shifts of the SWNT Dirac points, which may interfere with the above
mentioned intersections of SWNT Brillouin zones and Dirac points. In all metal-
lic tubes except the armchair types this leads to the opening of a small band gap,
in particular for small dSWNT [25]. Figure 2.3 assigns the chiral indices to the
corresponding electronic type of SWNTs: green solid shaded fields indicate semi-
conducting, red dotted fields represent metallic and blue dashed fields signify
the third class of small-gap semiconducting (SGS) tubes. Assuming a random
distribution of chiral indices, two third of the SWNTs are expected to be semicon-
ducting.

As indicated by the name, the band gap Eg of SGS SWNTs is considerably
smaller than in the case of semiconducting SWNTs. For the latter, the band gap
can be estimated by [26]

Eg =
2πaγ0√

3|Ch|
=

2aCCγ0

dSWNT
≈ 0.75

dSWNT
eV nm (2.3)
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a1 

a2 
n,m 

… 3,0 

4,1 

9,9 

8,8 

… 

… 

2,2 

1,1 

3,2 

2,0 

2,1 3,1 

1,0 4,0 … Zigzag SWNTs 

Figure 2.3: Allocation of the electronic SWNT type according to the chiral indices
(n, m). Green fields represent semiconducting SWNTs, blue dashed
and red dotted fields indicate SGS and metallic SWNTs, respectively.

whereas in SGS SWNTs the following relation holds [26]:

Eg =
3γ0a2

4d2
SWNT

(2.4)

In these equations, γ0 is the hopping parameter, which is approximately 2.7 eV.
In semiconducting SWNTs the band gap is reduced significantly for larger dia-
meters, and in SGS tubes the reduction with increasing diameter is even more
pronounced due to the inverse square relationship. Considering a SWNT with
dSWNT = 2 nm, the SGS band gap is about 30 meV, while for a semiconducting
SWNT Eg ≈ 375 meV.

2.1.2 Electronic transport in CNFETs

The electronic properties of SWNTs have been theoretically investigated before
the first CNFETs were demonstrated [27–29]. The conductance in 1D nanostruc-
tures can be described by the Landauer formula [30], where it is assumed that the
SWNT is acting as an ideal ballistic conductor:

G =
2e2

h
·M ·

∫ d f (E− EF)/(kBT)
dE

Pi(E)dE (2.5)

M is the number of active modes, Pi is the transmission probability that describes
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2.1 Carbon nanotube field-effect transistor

the conductance reduction in the i-th mode and f (E− EF) is the Fermi distribu-
tion

f (E− EF) =
1

1 + exp( E−EF
kBT )

(2.6)

The first factor in Equation 2.5 allows to determine the theoretically achievable
conductance, called quantum conductance, employing short channels and ohmic
contacts [31]. However, the actual resistances in contacted SWNTs are typically
much higher, which can be attributed to barriers at the nanotube-metal interfaces
[32], in particular Schottky barriers that are formed when a semiconducting ma-
terial is brought in contact with a metal [33]. In MOSFETs, these Schottky barriers
are independent of the metal work function due to Fermi level pinning by charge
traps [34]. However, due to the non-planar architecture of CNFETs, the situation
is considerably different. The Fermi level pinning is extremely local, and it has
been shown that the transport in carbon nanotubes contacted by high work func-
tion materials is unaffected by Fermi level pinning [35]. This allows controlling
the Schottky barrier height by the choice of the contact metal [36].

CNFETs with semiconducting SWNTs

Most results presented in this thesis are based on SGS CNFETs, therefore the
electronic transport in semiconducting CNFETs is only discussed briefly here.
A more detailed description of the transport mechanisms in semiconducting
CNFETs is provided in Appendix A.

Considering the specific properties of SWNT-metal interfaces, CNFETs based
on semiconducting SWNTs are usually regarded as Schottky barrier transistors,
and the current is to a large extent dominated by the local electric field at the
contacts [37]. The reason for this is that the current is not mainly limited by
thermionic emission over, but rather by tunneling through Schottky barriers [38].

The electronic transport in semiconducting CNFETs is described on the basis
of the band diagram given in Figure 2.4 (a), leading to the exemplary transfer
characteristic shown in Figure 2.4 (b). In a certain voltage range around what is
referred to here as the off-state voltage (Voff), the Schottky barriers at the contacts
are so wide that essentially no tunneling can occur, and the only contribution
to the transistor current is thermionic emission. This corresponds to the black
solid SWNT band structure in Figure 2.4 (a) and results in the transistor current
indicated as domain (i) in Figure 2.4 (b). The current in this regime increases ex-
ponentially with Vg, quantified by the inverse subthreshold slope S (note that the
y-axis is displayed in a logarithmic scale in Figure 2.4 (b)). The off-state current
Id,off, i.e. the minimum current at Voff, is usually limited by the resolution of the
measurement setup.
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m

EF

EV

(a) (b) 

FSB 
h 

FSB 
e 

SWNT Drain 

Vg   ≈  Voff 

Vg < Voff 

Vg > Voff 

(iii) 

(ii) 

(i) 

(ii) 

(iii) 

log Id 

Vg Voff, Id,off 

Eg 

e 

h 

Vth 

EV 

EC 

Figure 2.4: (a) Band structure at the drain of a semiconducting CNFET under dif-
ferent gating conditions. (b) Typical transfer characteristic of a p-type
semiconducting CNFET (the current axis is displayed in logarithmic
scale).

Positive gate voltages with respect to Voff shift the bands in the SWNT down,
as indicated by the green dash-dotted bands in Figure 2.4 (a), thereby decreasing
the width of the Schottky barrier for electrons (Φe

SB) at the contact. This gives rise
to an electron tunneling current, which starts to dominate over the thermionic
emission contribution, and the n-branch (green dash-dotted in Figure 2.4 (b))
appears in the transfer characteristic. In contrary, negative gate voltages shift
the bands upwards (red dashed bands in Figure 2.4 (a)), and as a consequence
tunneling of holes is enabled. Analogous to the positive gate voltages, this leads
to the red dashed p-branch in Figure 2.4 (b). For the n- as well as the p-branch,
the tunneling current increases exponentially with the gate voltage with a lower
subthreshold slope than in domain (i) [39].

In Figure 2.4 (b), the part of the transfer characteristic in which the current in-
creases due to this thinning of the Schottky barrier is labelled with (ii). If the
gate voltage exceeds the threshold voltage Vth, the slope of the transfer character-
istic is significantly reduced from the exponential behavior. This happens when
the conduction band (n-branch) or the valence band (p-branch) of the SWNT is
aligned with the Fermi level of the metal, and the transport is significantly influ-
enced by screening of the gate voltage through charges as well as scattering in
the channel [40]. In this regime, marked with (iii) in Figure 2.4 (b), the transistor
is in the on-state.

In most cases, the Schottky barriers for holes and electrons are not equally high.
In this example the Schottky barrier for holes Φh

SB is lower than the one for elec-
trons. Therefore, the current of the p-branch reaches higher values than its coun-
terpart on the n-side, as shown in Figure 2.4 (b). The asymmetry of the curve
denotes the type of CNFET, which in this case is a p-type transistor.

10



2.1 Carbon nanotube field-effect transistor

CNFETs with SGS SWNTs

The situation is significantly different for SGS CNFETs. As shown in Fig-
ure 2.5 (a), a SGS SWNT exhibits only a very small band gap. Therefore, the
conduction and valence bands are easily aligned with the metal and as a con-
sequence the CNFET is turned on in the entire gate voltage range. The small
band gap only leads to a weak modulation of Id around Voff, where the Fermi
level lies within the band gap, which is considered as the off-state [41]. Id,off of-
ten does not reach very low values, but the on/off ratio of the current is typically
less than 10 (compared to several orders of magnitude in the case of semiconduct-
ing CNFETs). It has been shown that the off-state current can be suppressed at
very low temperatures [42].

(a) (b) SWNT Drain 

Vg  ≈ Voff 

Vg < Voff 

Vg > Voff 
Vg 

Id 

theory 

reality 

Voff, Id,off 

Eg 
m

EF

Figure 2.5: (a) Band structure at the drain of an SGS CNFET. Eg is considerably
smaller than in the case of semiconducting CNFETs. (b) Model curve
of the transfer characteristic of a SGS device. In reality the current may
deviate significantly from the theoretical expectation as in the example
shown with the dotted line.

A typical example how the Id-Vg characteristic of a SGS CNFET ideally looks
like is sketched as the solid line in Figure 2.5 (b). The actually measured curves
often exhibit deviations from this ideal shape, an example of which is drawn as
the dotted line in Figure 2.5 (b). Note that in this case the current axis is plotted
in a linear scale. In SGS CNFETs, the slope of the current increase does not show
an exponential dependence on the gate voltage.

The transport mechanisms through SGS tubes is not fully understood, and far
less extensive research was conducted in order to get insight compared to semi-
conducting CNFETs. It is however supposed that Schottky barriers do not play a
big role when operating at room temperature [42]. Therefore, the electronic trans-
port is determined by the potential in the center of the tube and not by the local
electric field at the contacts.
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2 Theory and state-of-the-art

Source-drain bias

For current to actually flow, a bias voltage Vds needs to be applied. This bias
determines the location of EF at the source relative to EF at the drain. Assuming
the drain is kept at 0 V, a positive voltage Vs applied to the source will push
the Fermi level down with respect to EF at the drain. Vice versa, a negative Vs

raises EF at the source above the Fermi level of the drain. This is important as it
determines the direction of the current flow.

2.1.3 Expected transfer characteristic modulation

For the proposed working principle, as it will be introduced in Chapter 3, the
coupling of the gate voltage to the CNFET is supposed to be modulated by chan-
ging the gap between the gate and the SWNT. In this section, a qualitative hy-
pothesis is developed how the transfer characteristic of a CNFET is expected to
be influenced by such changes in coupling. For this purpose, a coupling coeffi-
cient K is introduced, which relates the applied gate voltage to the potential at
the SWNT (for SGS CNFETs) or to the electric field at the contacts (in the case
of semiconducting CNFETs). At this point, no quantification for K is elaborated,
but the major factor influencing K is supposed to be the gate capacitance Cg, and
therefore the dielectric properties of the gate oxide.

It was mentioned before that in the case of SGS CNFETs the relevant parameter
determining the transport is supposed to be the potential in the center of the
SWNT channel (ΦSWNT). Here it is assumed that ΦSWNT depends linearly on the
coupling coefficient KSGS and Vg:

ΦSWNT = KSGS ·Vg (2.7)

In the ideal case with very thin and high-k dielectrics KSGS approaches 1, which
means that Vg is fully coupled to the SWNT.1 If KSGS is reduced, e.g. by the de-
creasing Cg due to an air gap between the gate and the SWNT, Vg is less efficiently
coupled to the tube. Assuming that the exemplary SGS transfer characteristic of
Figure 2.5 (b) results from the situation with an intermediate coupling, increas-
ing KSGS leads to a contraction of the Id-Vg curve. This is qualitatively indicated
in Figure 2.6 (a), where the expected modulation for increasing KSGS is shown.

For semiconducting CNFETs, an analogous approach is proposed, however in
this case the determining factor for the transport is not the potential in the center
of the SWNT but the electric field at the drain contact Edrain. Therefore, a coupling
coefficient Ksemi is defined and the following relation is established:

1This assumes that ΦSWNT is only dependent on the dielectrics, i.e. the SWNT itself does not influ-
ence the potential. In the other extreme, KSGS is 0, which means there is no modulation of the
current with changing Vg.
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(a) (b) 

Vg 

Id 

Vg 

log Id 
Low KSGS 

    ↓ 

High KSGS 

 

Low Ksemi 

         ↓ 

High Ksemi 

 

Figure 2.6: (a) Expected change in the transfer characteristics for SGS-CNFETs
with modulation of the gate coupling. (b) Expected change in the
transfer characteristics for semiconducting CNFETs with modulation
of the gate coupling.

Edrain = Ksemi ·Vg (2.8)

The values of Ksemi do not lie between 0 and 1, as it is the case for KSGS. The
coupling coefficient relates the gate voltage to an electric field and therefore has
a unit of m−1. For this qualitative description, this is however not relevant. As
in the case discussed above, increasing Ksemi leads a to higher electric field for
a certain applied gate voltage, and as a consequence the transfer characteristic
is contracted. This is indicated in Figure 2.6 (b), which is in turn based on the
exemplary curve of Figure 2.4 (b). In particular the subthreshold slope is directly
affected by the coupling, and can therefore be regarded as a measure for Ksemi.
It has to be noted that depending on the regime of the transfer characteristic, dif-
ferent physical effects might influence the transport. In the thermionic emission
regime ((i) in Figure 2.4 (b)), the Schottky barriers do not influence the transport,
and therefore the current is supposed to be modulated by ΦSWNT rather than
Edrain. This is not in depth considered for this qualitative description.

2.2 Membrane mechanics

In this section the mechanical behavior of thin circular membranes is discussed.
The theory is mainly based on the work by Timoshenko and Woinowsky-
Krieger [43] and for a more detailed analysis of thin membranes on the book
chapter by Schomburg [44]. The membranes discussed in the following are
defined as circular thin films with thickness t and radius R, which are clamped at
the circumference and loaded by a uniform pressure drop ∆p across the film.

In particular the large deflection regime will be considered, where the max-
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2 Theory and state-of-the-art

imum deflection w0 > t. Under uniform pressure the membrane will deform in a
parabolic shape with the maximum deflection w0 at the center. An empirical ex-
pression for w0 was determined using finite element method (FEM) simulations
and the following relation was obtained [44]:

∆p = 4
w0t
R2 (

4
3

t2

R2
EM

1− ν2
M

+ σres +
64

105
w2

0
R2

EM

1− ν2
M
) (2.9)

EM and νM are the Young’s modulus and the Poisson’s ratio of the membrane ma-
terial, respectively, and σres denotes the residual stress in the membrane, which is
assumed to be constant over the thickness. Equation 2.9 describes the deflection
of fully clamped thin film membranes under uniform pressure load. The first
term in the brackets, dominating at small deflections, shows a linear dependence
between ∆p and w0. At large deflections, the third term dominates over the first,
resulting in a third order power dependence of the pressure on w0.

sres = -250 MPa 

sres =       0 MPa 

sres = +250 MPa 

-10 -5 0 5 10 

Pressure (bar) 

R = 2 mm 

t = 30 nm 

Figure 2.7: Membrane deflection upon pressure for different residual stress val-
ues (R = 2 µm, t = 30 nm).

Based on Equation 2.9, the influence of the residual stress on the mechanical
behavior of the membrane can be analyzed. A positive (tensile) σres reduces the
deflection for a given ∆p. While the mechanical sensitivity is reduced, the lin-
earity increases, which is desirable for certain applications. The opposite holds
for compressive stress, where the response of the membrane to a certain pres-
sure is increased. Figure 2.7 shows the behavior of a thin membrane (R = 2 µm,
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2.3 State-of-the-art in small pressure sensors

t = 30 nm, EM = 180 GPa, νM = 0.24)1 containing different values of σres under
an applied pressure between -10 and 10 bar. The green solid curve shows a mem-
brane without residual stress. If tensile σres is present in the layer, the obtained de-
flections are significantly reduced (dash-dotted red curve). For compressive σres

the situation is more complex, as buckling of the membrane can occur (dashed
blue curve). In the blue shaded pressure range around 0, the membrane with
compressive σres is in a bistable state. If a critical stress is exceeded, the mem-
brane will either buckle up or down, but will not assume a shape between these
two states. This means that the deflection of the membrane upon changing pres-
sure will not follow the simulated dashed line, but the membrane will switch
the deflection along the line of the dashed arrows. For certain applications, e.g.
switches or micropumps, this behavior may be desirable. For the use in pressure
sensors, however, such an unstable regime is not suitable, as it is not possible to
unambiguously relate the membrane position to a certain pressure.

The residual stress in thin films has two main contributors, thermal stress σth
and intrinsic stress σint [45]. The latter is inherent to the deposition process of
the thin film and typically cannot be avoided. Thermal stress depends on the
involved materials and the deposition temperature Tdep via

σth = Ef(αf − αs) · (Tdep − Ta) (2.10)

where Ef is the Young’s modulus of the thin film, αf and αs are the coefficients of
thermal expansion (CTEs) of the film and the substrate, respectively, and Ta is the
temperature of operation.

2.3 State-of-the-art in small pressure sensors

This section gives an overview of recently reported approaches for MEMS pres-
sure sensors and their performance, focusing on pressure sensors employing a
small diaphragm. The performance criteria considered here are sensitivity, pres-
sure range, size and power consumption. Because the sensors are based on vari-
ous physical principles, a dimensionless value for the sensitivity S0 is introduced.
This allows to quantitatively compare the signal obtained by the different sensor
types. The dimensionless sensitivity is calculated according to

S0 =
∆Σ
∆p
· 1

Σ0
(2.11)

with ∆Σ being the reported output signal change and Σ0 the reference signal, usu-

1The mechanical material properties chosen here are the ones for ALD Al2O3, as will be used in
the following as well. Furthermore, the dimensions are similar to those of the actually employed
structures (see Chapter 3).
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ally taken at atmospheric pressure. As measure for the size, the areas consumed
by the diaphragms are compared, i.e. without considering the bond pads and
leads. If not explicitly stated in the publication, the power consumption P is cal-
culated according to

P = U · I (2.12)

in the case of piezoelectric devices and

P = U2 ·ωC (2.13)

for capacitive devices, respectively. An overview of the performance criteria of
all the investigated sensors is provided in Table 2.1.

For capacitive sensor concepts, it can be observed that the consumed area is
typically relatively large. In the device reported by He et al. [46], a diaphragm
with 2.5 mm side length is used, leading to a high capacitance of 17 pF. The reason
for the large employed diaphragms is that the capacitance, for parallel plate elec-
trodes of area A calculated according to

C =
Aε0εr

g
(2.14)

scales proportionally to the area A, and too small values cannot be detected due
to parasitic capacitances [47]. Alternatively, if smaller diaphragms are employed,
often multiple sensing cells are connected in parallel in order to increase the total
area. Pakula et al. [48] demonstrated a capacitive pressure sensor using SiC as dia-
phragm material. While the diaphragms had a diameter of 80 - 150 µm, the high
total capacitance of 14 pF was achieved by connecting 100 diaphragms in parallel.
Zhang et al. [49] reported on the sensitivity increase of a capacitive sensor due to
an improved design. The pressure sensing diaphragm deflection was decoupled
from the capacitor, allowing to increase the active area of the capacitor. The dia-
phragm with a diameter of 200 µm enabled a sensitivity of >15 pF/bar. Pressure
sensors integrated into a CMOS process have been reported by Hierold et al. [50].
In this case a polysilicon diaphragm of 70 µm side length and 400 nm thickness
was used and 14 sensing cells were connected in parallel.

It has to be noted that increasing the signal by implementing multiple dia-
phragms in a parallel arrangement does not improve the dimensionless sensit-
ivity, as it increases ∆Σ as well as Σ0. In terms of S0, the sensor reported by
Hierold et al. [50] showed the best performance with a value of 0.53/bar.

A different approach for sensing the diaphragm deflection is based on the
change of current through a MOSFET (this concept was initially called PRESS-
FET [51, 52]), where the diaphragm acts as the MOSFET gate electrode. This
concept is based on the change in the gate capacitance, but instead of measuring
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2.3 State-of-the-art in small pressure sensors

Cg directly, its influence on the electronic transport in the MOSFET is detected by
measuring the transistor current. Such suspended gate devices (SG-MOSFETs)
have been reported by several groups in the past decades. Hynes et al. [53] im-
plemented diaphragms with a side length 75 µm and a dimensionless sensitivity
of 0.345/bar was achieved. In a similar approach, the gate was fixed while the
channel was integrated on the diaphragm (side length 70 µm) [54]. The signal of
such devices can also be increased by arranging several sensing cells in parallel,
as reported by Dai et al. [55]. In this case an excellent linearity in the pressure
range 0 - 5 bar was reported, although the dimensionless sensitivity was rather
low (9·10−4/bar).

Employing piezoresistive sensor concepts seems advantageous over capacitive
with regard to size reduction. The main reason is that the strain ε is not directly
dependent on the diaphragm area [44]. Additionally, the sensitivity can be in-
creased by applying high gauge factor (GF) materials as sensing elements. The
sensitivity in piezoresistive pressure sensors is given by

S =
∆R
R0

= GF · ε (2.15)

where ∆R and R0 are the resistance change and the initial resistance of the
piezoresistive material. Kim et al. [56] reported on the use of silicon nanowires
that exhibit a much higher piezoresistive effect than bulk silicon. In their work,
a diaphragm of 200 µm side length was utilized. Another material that has been
employed for pressure sensor applications is carbon nanotubes. The piezores-
istive properties of carbon nanotubes were first shown by Tombler et al. [57]
and gauge factors of 400 - 850 have been reported [58]. First pressure sensors
based on carbon nanotubes have shown a gauge factor of 210 for quasi-metallic
SWNTs [59]. The favorable properties of carbon nanotubes allowed to reduce
the radius of the diaphragm to 20 µm [60]. A different approach, using dielec-
trophoretic assembly of carbon nanotubes on a diaphragm with 60 µm radius,
achieved a sensitivity of ∼0.25/bar at a power consumption of less than 40 nW
[61]. Other groups implemented carbon nanotubes as piezoelectric elements in
polymer composites [62, 63]. The diaphragms often exhibit large sizes and thick-
nesses to avoid leakage through the polymer. Therefore, they cannot be counted
to the class of ultra-small pressure sensors. Furthermore, carbon nanotubes may
be implemented in the concept of field emission pressure sensors [64].

The diaphragm deflection in MEMS pressure sensors can also be detected op-
tically [65]. In a fiberoptic Fabry-Perot interferometer approach, changes in the
cavity length are detected by WLI, measuring the shift of the peak wavelengths.
Totsu et al. [66] fabricated a device based on a diaphragm with 60 µm radius and
a dimensionless sensitivity of 0.11/bar in the range from -0.1 to 0.5 bar relative
pressure was reported.
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2 Theory and state-of-the-art

Recently, the applicability of graphene membranes for piezoresistive pressure
sensors has been demonstrated [67]. The reported sensors exhibit an S0 of
∼6·10−3/bar and provide excellent scalability options. Graphene layers, if defect-
free, are impermeable to gas even at atomic thickness, which allows these ap-
proaches to utilize very small membranes with diameters in the order of 5 µm
[68, 69].

Summarizing the above mentioned concepts, the size of the smallest employed
diaphragms for pressure sensors is in the order of R = 20 µm. The smallest pres-
sure sensors up to date are based on the piezoresisitve effect. The reason why in
capacitive pressure sensor concepts the diaphragms are typically larger is due to
the scaling of the total capacitance if the diaphragm area is reduced. A significant
size reduction was achieved by implementing graphene, and based on literature
there is potential for even smaller sensors. If reliable fabrication processes for the
controlled production of defect-free graphene layers can be accomplished, they
may provide a path for ultimate size reduction.

Concerning power consumption, the carbon nanotube based sensors outper-
form the other concepts, since typically very low currents and voltages are in-
volved. Power consumptions of <100 nW can be achieved with this concept.

Based on the findings obtained in this state-of-the-art review, the proposed
sensor concept presented in Chapter 3 is established.
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3 Design and modeling

This chapter presents the considerations leading to the final device concept and
describes how the design parameters are established. In a first part, the function
requirements are defined and a sensor working principle is proposed. Relevant
design parameters are determined and the criteria for the material selection are
described. The geometrical parameters are then evaluated by FEM simulations
and a final device design is established.

3.1 Function requirements and proposed working principle

The pressure sensors developed in this work are supposed to surpass the
state-of-the-art with regard to size and power consumption, while still being com-
petitive in terms of sensitivity. In particular, the radius of the pressure sensing
diaphragm is supposed to be reduced to the order of 1 µm, resulting in a 1 - 2 or-
ders of magnitude smaller diaphragm area than the smallest reported pressure
sensors up to date. Such a significant decrease in size comes along with a reduc-
tion of the maximum achievable deflections, which has to be considered when
the sensor concept is established.

The sensor should cover a pressure range of 0 - 2 bar, which is relevant for vari-
ous applications, including biomedical, automotive and consumer applications.
Under this perspective, several considerations discussed in this chapter are based
on the deflection of the diaphragm at − and the mechanical behavior around −
1 bar operation pressure.

In order to assess the applicability of capacitive and piezoresistive transducer
concepts for ultra-small membranes, the obtained signals are estimated on the
basis of Equation 2.9. Figure 3.1 (a) shows the expected capacitances for mem-
branes of radii from 1 - 3 µm dependent on the pressure from 0 to 2 bar. The
capacitance is calculated according to

C =
ε0 · R2π

g0 − w0
(3.1)

where g0 is the initial gap in the undeflected state, and w0 is calculated for the
ideal case without residual stress. As in the example case shown in Chapter 2,
the material properties of ALD Al2O3 and a membrane thickness of t = 30 nm are
assumed. In order to maximize the achievable capacitances, g0 is chosen such that
it roughly corresponds to the deflection w0 at 2 bar pressure. These estimations

21



3 Design and modeling

demonstrate the major disadvantage of capacitive concepts when it comes to size
reduction, as the overall capacitances are limited to values in the order of tens of
pF.

For the case of piezoresistive sensor concepts, the strain in the membranes
upon applied pressure is estimated. The radial strain εr for circular membranes
is defined by [44]

εr =
2
3

w2
0

R2 (3.2)

The determined strain values for the same membranes as above are depicted in
Figure 3.1 (b). The strain is independent of the gap, therefore the signal for smal-
ler radii cannot be increased as in the case of the capacitive concept. However,
the strains obtained for R = 3 µm, which are in the order of 2·10−4/bar, should
be detectable with high GF materials.
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Figure 3.1: Estimation of the signals in capacitive and piezoresistive transducer
concepts. (a) For capacitive sensors, the small diaphragm area results
in very low capacitances. (b) In piezoresistive sensors, strains in the
order of 10−4 are achievable.

Based on the state-of-the-art review given in Chapter 2, the best performance in
terms of power consumption is provided by concepts based on carbon nanotubes.
Very encouraging results were reported using SWNTs in CNFETs as piezoresist-
ive elements. However, there are fabrication challenges, in particular the exact
placement of SWNTs in the center of the diaphragm. Additionally, the high
temperatures during SWNT synthesis pose strong limitations on the materials
present on the substrate before growth.

Due to these integration challenges for piezoresistive CNFETs, a new sensor
concept is proposed, which relies on a CNFET in suspended gate architecture.
With regard to the processing, this strategy is more promising than the piezores-
istive approach, because it includes first the fabrication of conventional CNFETs,
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3.2 Design parameters

onto which in a second step the additionally required sensor components are in-
tegrated. Therefore, previously developed fabrication processes (e.g. [70]) can be
adapted to a large part, which reduces the overall process complexity.

The proposed sensor concept is illustrated in Figure 3.2. The top gate is loc-
ated on a diaphragm, which acts as the mechanical component of the device. The
diaphragm deforms according to the ambient pressure pamb (relative to a con-
stant reference pressure pref inside the cavity underneath the diaphragm), and
therefore the gap g between the top gate (TG) and the transistor channel (as well
as the source (S) and drain (D) electrodes) is modulated. The proposed electrical
modulation resulting from this gap variation is either a change in the local electric
field at the contacts, which affects the Schottky barriers (important for semicon-
ducting CNFETs [37]), or a change in gate coupling in the center of the channel,
relevant for SGS CNFETs.

S Source 

D Drain 

TG Top gate 

BG Back gate 

g Gap (air) 

pref 

pamb Vtg 

g 

S D 

TG 

BG 

 SWNT 

 Diaphragm  

 Electrode 

 Back oxide 

 Substrate 

Figure 3.2: Schematic of the proposed pressure sensor working principle. The top
gate (TG) changes its location relative to the SWNT according to the
pressure difference across the diaphragm. This induces a change in
the coupling of the top gate voltage Vtg to the SWNT.

The proposed concept is based on the reduction of the gap upon the deforma-
tion of the diaphragm, which is analogous to the capacitive approach. However,
the device takes advantage of the 1D-nature of the CNFET, and therefore the re-
duction of the diaphragm area is not of so much consequence as in the case of the
capacitive approach. The placement of the diaphragm and top gate across the
entire CNFET channel allows affecting the coupling to semiconducting as well as
to SGS CNFETs.

3.2 Design parameters

3.2.1 Materials

Based on the schematic in Figure 3.2, appropriate materials have to be selected
for substrate, diaphragm and electrodes. Additionally, with regard to the fabric-
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3 Design and modeling

ation of the diaphragms, a sacrificial layer material is chosen. In this section, the
material choice is shortly motivated.

• Substrate: Highly p-doped silicon is used as substrate material, which of-
fers the option to employ the substrate as back gate electrode. As shown in
Figure 3.2, the device consists of a top gate architecture, i.e. no back gate
is required for sensor operation. However, the substrate might provide
the possibility to tune the transfer characteristics through the applied back
gate voltage (electrostatic doping [71]). Additionally, the back gate allows
observing the transfer characteristics of the devices in early process steps,
where the top gate is not yet present (see Chapter 5).

A big advantage of using silicon substrates is the large set of well-
established fabrication processes that have been optimized in the past dec-
ades. In particular, the carbon nanotube growth, being the very first process
step in the fabrication of the devices, has been extensively investigated for
silicon substrates [72].

Besides silicon, quartz substrates were also employed, which allow the
growth of aligned SWNTs (growth results and devices on quartz are presen-
ted in Appendix B). Additionally, the thermal expansion coefficient of
quartz can be made use of in controlling the residual stress in thin films
to a certain extent, which is described in Chapter 4.

• Sacrificial layer: The fabrication of ultra-small diaphragms is impractical
to be performed by bulk micromachining, due to backside alignment im-
precision and aspect ratio limitations in wafer through etching. Therefore,
a sacrificial layer process is employed that is based on the release by dry
etching.1 The two most common dry etch sacrificial layer material config-
urations are SiO2/vapor HF [73] and Si/XeF2 [74]. Both approaches were
successfully implemented, but all samples presented in this work are based
on the latter one. This is mainly triggered by the reduced processing com-
plexity.

• Diaphragm: The two main requirements for the diaphragm structure are
hermeticity and low stiffness. In order to make sure that a layer is leak-
proof for diffusion, it has to be completely free of pinholes, which is often
only the case for quite thick films [75]. Increasing the material thickness
comes along with a higher stiffness, which means the two requirements are
concurring. Alternatively, multi-layer films may provide improved diffu-
sion barrier properties [76], however in that case the stress in the interlayers
might strongly affect the mechanical properties of the structure.

1Dry etching is required to avoid stiction of the diaphragms after sacrificial layer etch, which could
occur if a wet etch process is applied.
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3.2 Design parameters

Therefore, a material is desired that is a reliable diffusion barrier at very low
film thicknesses. Atomic layer deposited (ALD) Al2O3 offers excellent film
qualities free of pinholes, resulting from the layered growth mechanism
[77]. With a Young’s modulus of∼180 MPa [78] it is not particularly flexible,
but owing to the good diffusion barrier properties it can be designed very
thin. Leak-proof films have been reported at thicknesses of ∼25 nm [75].
Additionally, ALD inherently exhibits conformal step coverage, which is
essential for the fabrication of the diaphragms based on a sacrificial layer
approach. Being one of the most widely studied ALD materials, Al2O3 has
well-established fabrication processes.

• Metal: Chrome / gold is used for all electrodes (contacts to the SWNT
as well as top gate), where Cr serves as adhesion layer. With this ma-
terial combination, good results could be obtained in previously reported
CNFETs [26].

3.2.2 Geometrical parameters

The following geometrical design parameters are investigated by simulations:

• Diaphragm radius: A fundamental goal of this work is the reduction of the
diaphragm size. Therefore, the radius of the circular diaphragm should be
as small as possible.

• Diaphragm thickness: The reported thicknesses at which the ALD Al2O3
acts as a reliable diffusion barrier [75] are taken into consideration for the
selection of the diaphragm thickness.

• Top gate radius: The main requirement on the top gate radius for a reliable
operation of the transistor is that it covers the entire CNFET channel (see
Figure 3.2).

• Top gate thickness: A low film thickness of the top gate electrode is desired
to not significantly increase the diaphragm stiffness. The main criterion is
not in the prevention of gas permeation, which should already be guaran-
teed by the ALD Al2O3. However, as will be shown in Chapter 5, there are
limitations in the thickness reduction caused the fabrication process.

• Diaphragm height: The gap between top gate and CNFET channel is de-
termined by the deflection as well as the height. In order to obtain a good
coupling of the top gate voltage, the gap should be small by trend.
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3 Design and modeling

3.3 Mechanical simulations

The diaphragm structures employed in this work differ from the membranes de-
scribed in Section 2.2. Being fabricated using a structured sacrificial layer, the dia-
phragms contain thin film sidewalls. This architecture leads to different bound-
ary conditions than for membranes rigidly clamped at the circumference. The
sidewalls are able to deform to a certain extent, making an analytical solution of
the diaphragm deflection difficult. Therefore, FEM is employed to estimate the
mechanical behavior of the diaphragm upon applying a pressure load.

In a first step, diaphragms consisting solely of an Al2O3 layer will be discussed.
On the one hand, the mechanical behavior of such diaphragm structures is eval-
uated and the influence of the design parameters described above is analyzed.
In particular the differences in the mechanical behavior of the structures fabric-
ated in this work from the conventional membranes described in Section 2.2 are
elaborated. On the other hand, these simulations can be used to understand the
mechanical properties of the diaphragms discussed in Chapter 4. In a second step,
the influence of integrating an electrode on top of the diaphragms is analyzed.

3.3.1 2-dimensional axisymmetric model

Using a 2D axisymmetric approach greatly reduces the modeling complexity and
computation time. As will be shown later in this section, the actual structures
are neither axisymmetric nor perfectly circular, but the simplified model can be
used to get a good view on how the mechanical response of the diaphragms to
an applied pressure will be.

Fixed 

constraint 

Boundary load p 

Axis of 

symmetry 

R 

t 
h 

sres 

E = 180 MPa 

 = 0.24 

telec Relec 

Top gate 

optional 

Figure 3.3: Geometry and meshing of the employed 2D axisymmetric model.

The geometry of the 2D model is depicted in Figure 3.3. The main parameters
are the diaphragm radius R, the diaphragm thickness t and the height h. The
sidewall has the same thickness as the top layer of the diaphragms, owing to the
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3.3 Mechanical simulations

conformal coating properties of ALD. The applied physical boundary conditions
are a fixed constraint at the base of the sidewall, while the pressure is applied
as a boundary load at the outer surfaces of the diaphragm. No load acts on the
interior faces, simulating vacuum inside the cavity underneath the diaphragm. If
applicable, a uniform stress is imposed on the diaphragm layer to account for the
residual stress σres. A rectangular mesh with increasing element size towards the
center is employed, as depicted in the close-up of Figure 3.3. A non-linear solver
is used to account for the large-deflection regime.

For the quantification of design and material property variations, the center
deflection at 1 bar pressure load is compared for different scenarios. In pressure
dependent deflections the pressure range 0-1 bar is considered for the simula-
tions.

3.3.2 Design of the Al2O3 diaphragm

In the first set of simulations, the mechanics of the diaphragm without top gate
electrode are presented, and the influence of the relevant design parameters is
investigated.

Diaphragm radius R

In a first step, the limitations for the reduction of the radius are exploited. To get
an impression how the scaling of the diaphragm radius R influences the mech-
anical properties of the diaphragms, the maximum deflection as a function of R
for diaphragms of various thicknesses under 1 bar applied pressure is shown in
Figure 3.4. As a first reference point, a deflection of 50 nm is targeted to discard
unrealistic dimensions, keeping in mind that in the final design the deflections
will be reduced by residual stress and the top gate electrode.

For diaphragm radii below 1 µm, even for very thin layers of 25 nm, the center
deflection is almost zero for 1 bar pressure. Therefore, R < 1 µm is considered as
not suitable for the application. Aiming at deflections of tens of nm, (initial gap
= 100 nm), a diaphragm thickness of more than 75 nm requires relatively large
radii in the order of 5 µm. Employing film thicknesses of 25 nm allows the same
deflection for radii of∼2 µm. Based on these considerations, R = 2 µm is selected
for a more detailed investigation.

Diaphragm thickness t

The results shown in Figure 3.4 also contain valuable information concerning the
diaphragm thickness. Employing thicknesses of more than 50 nm, the maximum
achievable deflections for 2 µm radius are less than 10 nm. Therefore, thicknesses
up to 50 nm are investigated more in detail for the selected radius of 2 µm.
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t 

t 

t 

t 

p = 1 bar 

sres = 0 

h = 100 nm 

Figure 3.4: Maximum deflection under 1 bar pressure load for different dia-
phragm sizes and thicknesses. The residual stress and the height are
0 MPa and 100 nm, respectively.

Figure 3.5 shows how the center deflection δ depends on the applied pressure p.
The plot shows δ for diaphragms with 2 µm radius and various thicknesses from
10 to 50 nm (σres = 0 MPa, h = 100 nm). It is obvious that for thicker diaphragms
the deflection is strongly reduced due to the increased stiffness. Additionally, it
can be observed that the deflection becomes increasingly nonlinear if t is below
40 nm. It has to be noted that a non-linear deflection is not necessarily hindering
the application of the structures. However, e.g. for t = 10 nm, ∼2/3 of the total
deflection occurs at the first 400 mbar. In contrast, for p close to 1 bar, the mech-
anical sensitivity of the diaphragm (i.e. dδ/dp) is similar to the case of 30 nm
thickness. Therefore, t = 30 nm is selected for further investigations, because this
film thickness should provide good films with respect to the diffusion properties
[75].

Diaphragm height h

The height of the sidewalls also has an influence on the mechanical behavior of
the diaphragms. This is shown in Figure 3.6, where the center deflection due to
1 bar applied pressure for diaphragms with thicknesses from 10 - 50 nm is de-
picted. In diaphragms with very thin layer thicknesses, the maximum deflection
is significantly reduced with lower sidewall heights, whereas for t > 30 nm the
deflection seems to be only weakly affected by the height. In all cases, the max-

28



3.3 Mechanical simulations

t 

t 

R = 2 mm 

sres = 0 MPa 

h = 100 nm   
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t 

Figure 3.5: Center deflection versus applied pressure for diaphragms with 2 µm
radius and different thicknesses (σres = 0 MPa, h = 100 nm).

imum deflections stay constant for h > 100 nm. With regard to future applications
that require good coupling, it is preferred to keep the gap small. Therefore, the
sidewall is designed to be 100 nm high (defined by the height of the sacrificial
layer).

Residual stress σres

The residual stress in the diaphragms is not a geometrical parameter that can be
chosen, but it is determined by the deposition process. This section discusses
the impact of σres on the mechanical characteristics of the diaphragms. The simu-
lation shown in Figure 3.7 addresses this issue by plotting the pressure induced
deflection for various stress conditions (R = 2 µm, t = 30 nm, h = 100 nm). The first
point to note is that an initial deflection δ0 can be observed in any case if σres 6= 0.
A compressive stress leads to a negative δ0, corresponding to upward bending
of the diaphragms, while in contrast a downward initial deflection is present in
the case of tensile σres. This observation differs significantly from the behavior
described in Section 2.2, where a tensile σres results in a stable flat membrane.

Figure 3.8 shows the expected initial deflections as a function of the residual
stress in the diaphragms. It can be seen that a compressive σres always results
in an initial deflection in the upward direction, while diaphragms under tensile
stress are always bending down. The progression for the upward deflection with
compressive σres is far more pronounced than in the opposite case. For example, a
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R = 2 mm,  

p = 1 bar 

sres = 0 MPa 
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t 

Figure 3.6: Maximum deflection of diaphragms with 2 µm diameter under 1 bar
pressure as a function of the sidewall height for different thicknesses
(σres = 0 MPa).

diaphragm with 2.5 µm radius and 30 nm thickness with σres = -500 MPa exhibits
and initial uoward deflection of ∼100 nm (which is equal to the height h).

The reason for the unique assignment of the initial deformation (as opposed
to the bistable case discussed in Section 2.2) lies in the thin film sidewalls of the
diaphragms. In Figure 3.9 cross-section pictures of diaphragms without applied
pressure resulting from -250 MPa and +250 MPa residual stress are shown. The
center deflections correspond to the values indicated in Figure 3.7 at 0 bar pres-
sure. The close-ups A and B illustrate how the sidewalls are able to slightly bend
in the outward (compressive σres) or inward (tensile σres) direction in response
to the residual stress. No bistable situation occurs for compressive stress, as the
outward bent sidewalls always favor the upward buckling state. Therefore, the
amount of residual stress can be determined by measuring the initial deflection,
if thickness and material parameters are exactly known.

The pressure induced deflection depends on the residual stress similarly as in
the membranes described in section 2.2. In the case of 250 MPa tensile σres the
deflection due to 1 bar applied pressure is roughly 40 nm (compared to ∼50 nm
without residual stress). Taking additionally the initial deflection (δ0 ≈10 nm)
into account, the mechanical sensitivity is reduced by 40%. This situation is re-
versed if compressive σres is present in the diaphragms. The deflection resulting
from 1 bar applied pressure is higher than without residual stress and an over-
all much higher mechanical sensitivity is obtained. However, with increasing
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region 

sres = -250 MPa  

sres =       0 MPa  
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sres = -125 MPa  

sres = +125 MPa  

Figure 3.7: Influence of the residual stress on the mechanical behavior of dia-
phragms with 2 µm radius, 30 nm thickness and 100 nm height under
pressure load.

compressive stress magnitudes, an unstable state develops where the deflection
cannot be unambiguously assigned to a certain applied pressure. The curve for
σres = -250 MPa in Figure 3.7 shows that a big part of the total deflection occurs
due to the transition from upward to downward bending at ∼300 mbar (indic-
ated with a dashed ellipse).

It is worth noting that the direction of the sidewall bending does not change
with increasing pressure. Diaphragms with compressive residual stress still ex-
hibit sidewalls bending outwards if the diaphragm is deflecting down due to the
applied load. Based on these simulations, it is beneficial to reduce residual stress
or keep it low on the compressive side. In the latter case, however, the gap is
generally increased, which is not desirable for the application.
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R = 2 mm 

R = 3 mm 

downward 

upward 

compressive tensile 

t = 30 nm, p = 0 bar 

h = 100 nm 

R =    2 mm 

R = 2.5 mm 

R =    3 mm 

Figure 3.8: Initial deflections for of diaphragms with t = 30 nm and different radii
in dependence of the residual stress in the layer.
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Figure 3.9: Initial deflection (p = 0) and sidewall profile of diaphragms with 2 µm
diameter, 30 nm thickness and 100 nm height for compressive stress
(A: σres = -250 MPa) and tensile stress (B: σres = +250 MPa).
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Model verification

The actually fabricated diaphragms differ from the circular structures presented
in the above simulations in two main aspects (see Chapter 4 for more details).
Firstly, there is a via path that connects the diaphragm center with release etch
access holes. This path causes a deviation from the axisymmetric case of the sim-
plified model. Secondly, the circumference of the diaphragm center is not a per-
fect circle, but assumes the shape of a polygon, because the lithography time can
be significantly reduced when curved elements are avoided. In order to validate
the results obtained with the axisymmetric model, 3D simulations representing
the actual design more accurately are performed. Figure 3.10 compares the res-
ults obtained with the 3D model and the simplified 2D model for diaphragms
with 2 µm radius and 30 nm thickness under different residual stress. A good
agreement of the mechanical behavior can be observed, which means that the 2D
simulations can be used for the approximation of the actual deflection. This is
also made use of for the characterization of the structures presented in Chapter 4.

sres 

sres 

sres 

sres 

sres 

sres 

R = 2 mm 

t = 30 nm 

h = 100 nm 

Figure 3.10: Comparison of the deflection for different σres (R = 2µm, t = 30 nm,
h = 100 nm) obtained with the 2D-axisymmetric model (solid lines)
and a 3D model (points). The latter approximates the actual geo-
metry of the diaphragms more accurately.

3.3.3 Diaphragms with gold electrode on top

In the real device, the diaphragm will be equipped with a gate electrode, therefore
the influence of this change in architecture is discussed here.
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Top gate radius Relec

Figure 3.11 shows the deflection profile for 1 bar pressure if a 30 nm thick top gate
gold electrode with different radii (diaphragm radius 2 µm, thickness 30 nm) is
added. For comparison, the dashed line indicates the diaphragm without top
gate electrode. In the case of a 0.5 µm top gate radius, the deflected profile re-
sembles the one without electrode with only a small deviation in the diaphragm
center. The reduction of the center deflection is ∼10%. Increasing the top gate
radius results in a significant stiffening of the diaphragm. Interestingly, the de-
flection profile is altered along the entire diaphragm radius. For a top gate with
Relec = 1.5 µm, the deflection is reduced by ∼50% compared to the diaphragm
without top gate. In order to satisfy the requirements of the proposed working
principle, the diameter of the top gate has to be larger than the channel length of
the CNFET.
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Figure 3.11: Influence of the electrode radius (telec = 30 nm, tdia = 30 nm,
h = 100 nm, σres = 0 MPa) on the deflection of a diaphragm with
2 µm radius upon 1 bar applied pressure.

Top gate thickness telec

The influence of the electrode thickness for a top gate with Relec = 1 µm is shown
in Figure 3.12. Similar to the case described above, a thicker electrode increases
the stiffness, thereby reducing the mechanical sensitivity. For a 10 nm thick
top gate electrode, the influence of the additional layer is marginal, while at
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telec = 50 nm the center deflection is reduced by almost 50%. For electrode thick-
nesses >30 nm, the diaphragm deflection deviates from the otherwise parabolic
shape, and the center deflection becomes more parallel. This is similar to the case
of bossed diaphragms, which can be employed to increase the linearity of the
deflection [44].

Aiming primarily at large deflections, the top gate electrode should be de-
signed thin. However, as will be discussed in Chapter 5, the electrode thickness
cannot be arbitrarily chosen, but the reduction of telec is limited by fabrication re-
strictions. Due to the required step coverage for the top gate leads, the thickness
of the electrode is required to be at least 50 nm.
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Figure 3.12: Influence of electrode thickness (Relec = 1 µm, tdia = 30 nm,
h = 100 nm, σres = 0 MPa) on the deflection of a diaphragm with
2 µm radius upon 1 bar applied pressure.

3.4 Conclusion of the chapter

For the development of ultra-small pressure sensors with low power consump-
tion, a new sensor concept is proposed, which is based on the operation of a
CNFET in a suspended gate architecture. The working principle includes a pres-
sure sensing diaphragm equipped with a top gate electrode. Suitable materials
are selected, and in particular ALD Al2O3 is identified as a promising material
for ultra-small thin film diaphragms.

With the help of FEM simulations, appropriate diaphragm dimensions of
R = 2 µm, t = 30 nm and h = 100 nm are determined. The influence of the re-
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sidual stress is investigated and the decrease of the mechanical sensitivity due to
the top gate electrode is quantified. The diameter of the top gate electrode has
to be larger than the CNFET channel length, which is chosen 1 µm for the final
devices. Due to fabrication restrictions (see Chapter 5), the gold electrodes are
50 nm thick, and the resulting diaphragms with σres = 0 MPa are estimated to ex-
hibit ∼27 nm deflection under 1 bar pressure. However, these are still optimistic
estimations, because ALD layers on silicon always exhibit tensile residual stress.
Additionally, the diaphragm will assume the topographic steps of the underlying
layers. This leads to a non-planar surface at the location where the diaphragm is
spanning over the contact leads. This corrugation causes a reduced and more
linear deflection dependence on the pressure.

Therefore, the diaphragms implemented for devices are designed with a radius
of 2 - 3 µm, and the expected deflections are in the order of 20 nm upon 1 bar
pressure. It has to be noted that, at this point, the design parameters are not
chosen for maximum sensitivity, but importance is attached to a stable operation.
This means in particular that the gap reduction due to the obtained deflections in
the pressure range of 0 - 2 bar does not surpass 33% in order to avoid pull-in of
the diaphragm [79]. An overview of all the finally applied design values is given
in Table 3.1.

Table 3.1: Determined geometrical parameters for the device diaphragm design.

Geometrical design parameter Value

Diaphragm radius 2 - 3 µm

Diaphragm thickness 30 nm

Diaphragm height 100 nm

Top gate radius 1 - 2 µm

Top gate thickness 50 nm

36



4 Ultra-small thin film diaphragms by ALD Al2O3

This chapter presents the development of the process to fabricate the ultra-small
diaphragms, which are later integrated on top of the CNFETs. Besides character-
ization of the sacrificial layer process, special emphasis is placed on the control
of the residual stress as well as the sealing of the structures. In the end, the final-
ized diaphragms are characterized in terms of their mechanical properties. The
investigations on the reduction of the residual stress was published in Sensors and
Actuators A:Physical [80].

4.1 Sample fabrication

As mentioned in Chapter 3, the fabrication of the ultra-small diaphragms is based
on a sacrificial layer approach. In this section, the applied process steps are de-
scribed and evaluated by optical inspection (light microscope as well as scanning
electron microscope, SEM). Diaphragms with radii ranging from 1 to 10 µm and
different thicknesses (15 - 70 nm) are fabricated. Additionally, test samples with
long etch channels are produced to investigate the cross sections of the respective
structures.

4.1.1 Substrate

In general, the substrate material used for the diaphragm fabrication is n-doped
silicon coated with 70 nm of thermally grown oxide. This corresponds to the
substrates later implemented for the actual devices (see Chapter 5). For the
SEM cross-section samples, silicon substrates without thermal oxide layer are
employed. Additionally, for the residual stress analysis discussed in Section 4.2,
diaphragms are fabricated on quartz substrates. This allows investigating the
influence of the substrate’s thermal expansion coefficient.

The wafers are first partially diced to enable later breaking into separate chips.
During dicing the wafer surface is protected with P(MMA/MAA). The protect-
ive resist is stripped by N-methyl-2-pyrrolidone (NMP) at 80◦C for 1 hour. After-
wards the wafer is cleaned using acidic piranha (H2SO4/H2O2 3:1) at 80◦C for
1 hour, followed by basic piranha (H2O/NH4OH/H2O2 5:1:1) at 50◦C for 1 hour.
This cleaning procedure ensures surfaces free of organic residues, which was veri-
fied by atomic force microscopy (AFM) investigations. The substrates are coated
with a 40 nm thick Al2O3 layer by ALD (Picosun Sunale R-150B). This protects the
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silicon substrates during the later XeF2 dry etching process. Moreover, it repres-
ents the actual layer stack in the devices, where the samples are covered with a
passivation layer of 40 nm ALD after contacting of the SWNTs (see Chapter 5).
The film is deposited by introducing the precursor gases trimethylaluminum
(TMA) and water at alternating pulses. This deposition technique results in layer
by layer growth, which allows an accurate thickness control of the coating. Addi-
tionally, the films are nearly pinhole-free and exhibit excellent step coverage. The
deposition temperature is usually in the range of 150 to 300◦C, where the higher
temperatures result in a slightly better film quality [81]. The film thickness is
determined by the number of pulse cycles and for every 10 nm target thickness
115 cycles are applied.1

Figure 4.1 illustrates the first three steps of the fabrication process. For each
process step, a schematic, a microscope image of one diaphragm as well as a cross
section SEM picture are shown. The latter represents the locations indicated by
the red circles in the microscope images.

4.1.2 Sacrificial layer deposition and structuring

The design of the silicon sacrificial layer structure, defining the cavity underneath
the diaphragms, is shown in Figure 4.1 (a). It contains a circle in the center,
which is connected to smaller outer circles through an access path. The outer
circles are placed at some distance from the effective diaphragm circle to ensure
the integrity of the diaphragm layer throughout the fabrication process. Struc-
turing of the sacrificial layer is performed by electron-beam lithography (EBL,
Raith 150) and lift-off using a bilayer of P(MMA/MAA) (pure in ethyl lactate
(EL)) and PMMA 950k (1:1 diluted in EL). The bilayer structure facilitates lift-off
because the P(MMA/MAA) has a higher sensitivity to the exposure dose. This
results in an undercut in the lower resist, while the actual structure is defined
by the upper layer. EBL exposure is carried out with 30 kV acceleration voltage.
According to the smallest feature size of the written structures, the appropriate
aperture (10 - 120 µm) and step size (2 - 100 nm) is selected. For the aforemen-
tioned bilayer resist an exposure dose of 330 µC/cm2 is applied. The exposed
resist is developed by immersing the sample into methyl isobutyl ketone (MIBK)
diluted 1:3 in isopropyl alcohol (IPA) for 1 minute.

The silicon sacrificial layer is deposited by electron-beam evaporation (Uni-
vex 500) followed by lift-off in 80◦C NMP for 1 hour. The lift-off is finished by
immersing the samples into acetone (room temperature for 10 minutes) and IPA
(room temperature for 5 minutes) followed by blowing dry with N2.

From Figure 4.1 (a) can be extracted that a clean lift-off process to structure
the sacrificial silicon layer is possible. Some shallow hills in the sacrificial layer

1The temperature dependence of the deposition rate has not been taken into account.
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(a) 

(b) 

(c) 

10 mm 
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Figure 4.1: Illustration of the diaphragm fabrication. (a) Sacrificial Si deposition
by lift-off. (b) Coating the entire sample with the ALD diaphragm
layer. (c) Etching of access holes into the Al2O3.

are visible in the inset of the SEM image, most likely resulting from small resist
residues in the developed areas. If necessary, the resist residues can be removed
by oxygen plasma prior to physical vapor deposition (PVD) of the sacrificial layer.
More importantly, no topographical spikes at the edges of the structures are vis-
ible. The sidewall visible in the SEM picture exhibits a significant roughness,
which is assumed to stem from the EBL process. These test structures are writ-
ten with a 30 µm aperture and a 1 mm2 write field. This requires a minimum
e-beam step size of 20 nm, which roughly corresponds to the corrugation of the
sidewall. Furthermore it can be seen that the sidewall angle is significantly less
than 90◦, although the sample is not tilted during evaporation. This might res-
ult from partial deposition of silicon on the sidewalls of the top layer of resist,
which gradually decreases the aperture size during evaporation. This effect is
well known and has also been made use of. Fredriksson et al. reported the de-
position of gold nanocones using this hole closure method [82]. Their structures
had a height of 191 nm and a base diameter of 110 nm, corresponding to a side-
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wall angle of ∼74◦. The sidewall angle of the resulting structure depends on the
involved materials as well as process conditions. The angle extracted from the
SEM image Figure 4.1 (a) suggests a value of∼45◦, and it is visible from the SEM
pictures that the sidewall angle is maintained throughout the fabrication of the
diaphragms.

4.1.3 Coating with structural ALD Al2O3

The entire sample is then coated with the structural Al2O3 layer deposited by
ALD. The influence of the ALD temperature on the diaphragms on silicon and
quartz substrates is discussed in detail in Section 4.2. The conformal coverage of
the ALD process is demonstrated in Figure 4.1 (b). The here employed 50 nm
Al2O3 can be clearly distinguished from the silicon sacrificial layer by contrast
difference. Sidewalls as well as top faces are covered by an equal thickness. The
sidewall slope present in the sacrificial layer is, as all other topographical features,
transferred to the diaphragm layer.

4.1.4 Al2O3 etching by H3PO4

For the subsequent release of the structures, access holes need to be defined to
allow the etch gas to get access to the sacrificial layer. As mentioned above, these
etch holes are located on the outer circles. P(MMA/MAA) serves as etch mask,
into which the circular holes are defined by EBL. In contrast to the above men-
tioned lift-off mask, no undercut and therefore no bilayer structure is required.
The single resist layer also has an influence on the exposure dose, which in this
case is set to 180 µC/cm2. In order to ensure an exact placement of the etch holes,
a marker system defined by EBL is used, which allows an alignment accuracy of
typically <50 nm. For a reliable etching process, it is essential that the etch hole
does not span over the sidewall of the sacrificial layer. Otherwise, etching may be
observed along the base of the structure, thus damaging the diaphragms. There-
fore, care is taken that the etch holes are located entirely on the top faces of the
outer circles.

After development of the etch holes, the mask is hard baked at 110◦C for
10 minutes. The etching is carried out in a solution of H3PO4/H2O (4:1) at 55◦C.1

In order to ensure good wetting of the small features, the samples are dipped
into an IPA/H2O (1:5) solution before the immersion into the acid. Alternatively,
a short O2-plasma ashing treatment (Technics Plasma 100-E, 10 sec, 100 W) can
be performed prior to etching.

1The added water serves as a buffer to the acid, leading to a stable etch rate in the order of
∼10 nm/min.
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4.1 Sample fabrication

Figure 4.1 (c) shows the structure after etching of the access holes. In the mi-
croscope image the complete removal of the 50 nm Al2O3 is visible through the
color difference at the outer circles, which reveals the underlying silicon. This is
confirmed by the SEM image, showing that the structural layer is completely re-
moved with no critical undercut towards the side of the sacrificial layer. The same
roughness as in Figure 4.1 (a) can be observed, and the explanation provided
above is valid for this case as well.

4.1.5 Sacrificial layer etching

The silicon sacrificial layer etch is performed using a dry XeF2 process (Xactix
X3). The etch gas is introduced into the chamber in cycles of 30 seconds each, and
the diaphragms are fully released after 5 cycles. No exact timing is required, as
the entire sacrificial layer needs to be removed. However, the silicon substrate
is slightly attacked on the sidewalls, while the top surface is protected by ALD
Al2O3. In order to minimize this substrate attack, the etch time is generally kept
as low as possible to still allow complete release of the diaphragms. The suc-
cessful removal of the silicon sacrificial layer can be verified by a color change
observable in the light microscope (Figure 4.2 (a)). If the etch time is not suffi-
cient, an etch front can be observed and more etching cycles can be added. From
the microscope picture, it can be seen that the sample is covered by a lift-off mask
with openings at the locations of the access holes. The purpose of this mask is
to facilitate subsequently a localized deposition of the sealing material, which is
addressed more in detail in Section 4.3.

(a) 

(b) 

200 nm 

200 nm 10 mm 

10 mm 

Figure 4.2: Illustration of the diaphragm fabrication. (a) Dry etching of the sacri-
ficial layer using XeF2. (b) Local deposition of the sealing material.
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The XeF2 dry release process results in free-standing ALD Al2O3 structures, as
can be seen in the SEM image in Figure 4.2 (a). Owing to the high stiffness of
50 nm thick ALD Al2O3, the test structures are able to retain their shape despite
the relatively weak clamping conditions at the sidewall base. The SEM image
clearly proves that the sacrificial layer is completely removed without visible ef-
fect on the ALD Al2O3. The resist residues mentioned earlier are still present
inside the channel and appear as dark spots at the bottom. This is expected since
XeF2 does not attack the resists.

4.1.6 Sealing

The last process step in the diaphragm fabrication consists of covering the ac-
cess holes with a sealing material, which in the microscope image shown in Fig-
ure 4.2 (b) is 1.7 µm Al deposited by evaporation.1 As mentioned above, the
localized deposition of the sealing material is enabled by a lift-off mask depos-
ited prior to release. A detailed discussion on the sealing process is provided
in Section 4.3. The concentric color gradient in the microscope image of the dia-
phragm stems from the bending down due to the pressure drop of 1 bar, which
results from the successful sealing.

4.2 Residual stress in the ALD Al2O3 diaphragms

As discussed in Section 3.3, the residual stress σres has a big influence on the mech-
anical behavior of the diaphragms. Tensile σres induces an initial downward de-
flection and reduces the mechanical sensitivity to the pressure. In contrary, com-
pressive σres leads to an initial upward deflection, which can be very significant
depending on the level of σres. Considering a gate electrode located on top of
the diaphragm, this leads to reduced coupling due to the larger distance between
channel and gate. More importantly, the mechanical behavior of diaphragms ex-
hibiting large compressive σres is not suitable for the suggested application. It is
therefore desired to reduce the magnitude of residual stress as much as possible.
This is targeted by trying to match the intrinsic stress σint and the thermal stress
σth that are developed during thin film deposition. The latter is based on the mis-
match of the coefficients of thermal expansion (CTEs) according to Equation 2.10.

The intrinsic stress in ALD Al2O3 on silicon has been reported to be tensile by
various groups [78, 83, 84]. It is expected that this will also be the case for other
substrates, as intrinsic stress is mainly related to the deposition method. In ad-
dition to the tensile σint, the thermal stress on silicon substrates is also slightly

1The SEM cross-section shows a film of 500 nm sputtered Al, which does not represent the ultimately
employed sealing film presented in Section 4.3.
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tensile (αSi = 3.9 ppm/K [85], αAl2O3 = 4.2 ppm/K [86]). Quartz in contrast exhib-
its a CTE of αQ =∼10 ppm/K [87],1 which means that it will develop compressive
thermal stress due to the deposition at 150 - 300◦C. The hypothesis is therefore,
that through the proper choice of the deposition temperature the thermal stress
of ALD Al2O3 can be matched such that it compensates the tensile intrinsic stress.

4.2.1 Characterization of the diaphragms by AFM

AFM is used on the one hand to measure the shape (height and initial deflec-
tion) of the released diaphragms. AFM scanning at the location of the etched
access holes prior to release also allows determining the exact thickness of the
diaphragms. Through AFM force-deflection curves, information about the mech-
anical properties of the diaphragms can be obtained.

AFM height imaging

Applying tapping mode scans, the topography of small samples can be quanti-
fied with a very high resolution in z-direction. Therefore, AFM (Asylum MFP
3D) is used to exactly measure the released diaphragms in terms of height, size
and initial deflection. Information of the surface quality can be obtained as well.

AFM force-deflection curves

In order to get information on the mechanical properties of the diaphragms,
AFM force-deflection curves are recorded. The mechanical sensitivity of the dia-
phragms upon loading with a force in the center can be used to estimate the pres-
sure dependent deflection. First the spring constant kc of the AFM cantilevers is
determined, in order to quantify the recorded curves. Typical values for kc of the
employed cantilevers are in the order of 30 N/m. Then a height profile of the
diaphragm to be tested is recorded in AFM tapping mode. This allows to determ-
ine the initial deflection δ0 and to accurately localize the center of the diaphragm.
Subsequently, load cycles are applied at the center in AFM contact mode, record-
ing the cantilever deflection ∆zc and the piezo travel distance ∆zp. The analysis
of the data is performed according to [88]. The diaphragm deflection δ is obtained
through

δ = ∆zc − ∆zp (4.1)

and the force F acting on the diaphragm is determined by

1In fact, the CTE of quartz is dependent on the crystal direction, and at room temperature it is
∼8 ppm/K along the c-axis and ∼13 ppm/K along the a-axis. The value of 10 ppm/K is taken as
an approximation of the real CTE, which lies between these two values.
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F = kc · ∆zc (4.2)

This results in a curve as depicted in Figure 4.3, where the dashed circle indicates
the relevant part where the diaphragm is actually deflected. This curve is then
shifted such that the deflection starts at the origin.
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Figure 4.3: Example of an AFM force-deflection curve. The region where the ac-
tual deflection of the diaphragm takes place is indicated by the dashed
circle.

4.2.2 Residual stress determination and control

The investigations on the residual stress is done on released diaphragms where
the sealing step is omitted. All the diaphragms discussed in this section have a ra-
dius of 2 µm, while the thickness varies from 25 to 40 nm. Figure 4.4 shows AFM
scans and the corresponding cross section profiles of diaphragms fabricated on
quartz substrates. Three different ALD temperatures are implemented as indic-
ated in the figure, while the layer thickness is 25 nm in all cases. The difference
in residual stress is manifested in the initial deflections, which can be directly
extracted from the AFM image. When a deposition temperature of 150◦C is ap-
plied, the downward deflection indicates tensile stress, while in the other two
cases (Tdep = 225◦C, 300◦C) upward bending and therefore compressive σres can
be observed.
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Figure 4.4: AFM images demonstrating the initial deflection of released dia-
phragms on quartz for different ALD temperatures [80].

Although δ0 provides an estimation for the residual stress present in the thin
film prior to release, for an exact determination of σres other techniques need to be
employed. Therefore, force curves are recorded that provide information of the
mechanical sensitivity of the diaphragms. The obtained curves are used to fit the
residual stress using simulations with the 2D-axisymmetric model introduced in
Section 3.3. AFM scans after etching the access holes allow the determination of
the actual thickness of the diaphragm, which is entered as an input parameter
into the model. Additionally, the Young’s modulus is allowed to be slightly ad-
justed in order to account for the deviations of the actual diaphragm from the
2D-model. The two main deviations from the model are the via path, which
breaks the axial symmetry, as well as the non-vertical sidewalls, resulting from
the sidewall angle of the sacrificial layer as mentioned above. The procedure of
σres determination is demonstrated in Figure 4.5, where the measured and fitted
curves for diaphragms fabricated at 225◦C are presented. The diaphragm height
(h = 110 nm) is indicated by the dashed line. The green curve shows the force-
deflection curve of a diaphragm on quartz, while the blue one is the measurement
of a diaphragm on a silicon substrate. Both diaphragms (R = 2 µm, t = 39 nm) are
fabricated in the same process run, the only difference being the substrate. For
the fitting, the parameters E and σres are adjusted to match the curve in terms
of initial deflection δ0 and force-deflection behavior. This allows to determine
σres, which is -150 MPa and 230 MPa in the case of silicon and quartz substrates,
respectively.
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Figure 4.5: Examples of fitting the measured curves for diaphragms with
R = 2 µm (blue curve: Si substrate, green curve: quartz substrate) by
simulations to extract the residual stress [80].

An overview of all the determined residual stress values is given in Figure 4.6.
In agreement with previously reported studies [78, 83], σres is tensile for all
samples using silicon substrates. There is no clear dependence of the stress on
the ALD temperature, and all the stress values lie in the range of 100 - 300 MPa.
For the structures fabricated on quartz, however, there is a transition from tensile
σres at 150◦C to compressive at 225◦C. This is in agreement with the observation
from the AFM pictures in Figure 4.4. At low ALD temperatures, the tensile in-
trinsic stress is the dominating factor of the overall residual stress. With increas-
ing deposition temperature, the compressive σth increases linearly as described
by Equation 2.10. At some point the thermal contribution starts dominating, ren-
dering σres compressive.

The dotted lines in Figure 4.6 indicate the expected thermal stress for silicon
and quartz [85, 87]. For quartz substrates, σres decreases linearly with the ALD
temperature, but with a slope different from the increase in thermal stress. This
implies that the level of σint decreases with increasing deposition temperature.
This observation is further confirmed by the slight decrease in σres on silicon
substrates, despite the opposite trend of σth which suggests higher tensile stress.
However, since both contributions give rise to tensile stress, the overall residual
stress can neither be forced into the compressive regime, nor can it be reduced to
zero.

The trend of σres on quartz substrates allows for the estimation of an optimal
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Figure 4.6: Determined residual stress values for the different ALD temperatures
and substrates. On silicon, tensile stress is obtained in all cases, while
for quartz there is a transition from tensile to compressive σres with
increasing temperature [80].

deposition temperature at which the residual stress can be eliminated. A linear
approximation of the determined stress values leads to the relation

σres = 429 MPa− 2.433 · Tdep
MPa
◦C

(4.3)

where Tdep denotes the deposition temperature in ◦C. Solving Equation 4.3 for
zero residual stress yields an optimal deposition temperature of 176◦C. To verify
this assumption, 30 nm thick diaphragms are fabricated at an ALD temperature
of 180◦C, which should result in a slightly compressive σres. Indeed the results
presented in Figure 4.7 demonstrate the applicability of this assumption. The
AFM image in the inset and the corresponding cross section show an initial up-
ward deflection of 2 nm. The measured force-deflection curve fits to simulations
with a compressive residual stress of -10 MPa, in perfect agreement with the ex-
pected value. These results were published in [80].
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Figure 4.7: Force curve and AFM image of a 30 nm thick diaphragm with
R = 2 µm fabricated on quartz using the determined optimal de-
position temperature of 180◦C. The determined residual stress is
σres = -10 MPa [80].

4.3 Diaphragm sealing

In order to obtain a stable reference pressure inside the cavity underneath the dia-
phragm, the access holes need to be sealed after release. The sealing proved to be
challenging due to several restrictions that made the use of most conventionally
used sealing techniques impossible. In this section, requirements and restrictions
are outlined and based on these a sealing strategy is proposed. Some selected
approaches are discussed, and the process which allows for reliably sealing the
diaphragms is presented.

Hermetic encapsulation is a backend process step that is applied in most
MEMS after the fabrication of the devices in order to ensure stable operation.
One of the most widely employed concepts is wafer bonding, where the device
is packaged by a capping wafer [89]. In the recent years, the concept of thin film
encapsulation gained a lot of attraction, because it offers the potential to decrease
packaging cost and reduce the thickness and area of the finalized device [90]. For
the sealing of the access holes in this work, wafer bonding is not an option, there-
fore the discussion is restricted to thin film encapsulation.

A variety of deposition methods and materials have been proposed to obtain
leak-proof sealing layers. The most widely used concepts involve chemical va-
por deposition (CVD), which provides conformal coverage, thus ensuring good
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sealing properties. Successful results have been reported for low pressure CVD
(LPCVD) of polysilicon, where hermetic sealing was achieved with film thick-
nesses of 75 nm [91]. Often the thickness of the sealing layer is not restricted, and
therefore usually much thicker films are applied. Vacuum sealing was demon-
strated employing a 2 µm thick Si3N4 layer by LPCVD [92]. A drawback of
LPCVD methods is that it typically involves very high deposition temperatures.
plasma-enhanced CVD (PECVD) can be applied to achieve thin film sealing at
lower deposition temperatures than with LPCVD. The viability of this technique
has been demonstrated using 2 - 4 µm of silicon oxide or nitride [93, 94]. Poly-
mer materials can provide leak-proof sealing layers, as has been reported using
Parylene C deposited by CVD [95]. Vacuum sealing by physical vapor deposition
(PVD) has been reported using 800 nm aluminum deposited by evaporation [96]
as well as with 200 nm silicon oxide by sputtering [97].

4.3.1 Characterization of the sealing process

The sealing of the diaphragms is evaluated by optical microscope inspection as
well as by SEM and AFM.

Optical microscope

As will be discussed below, the diaphragms are sealed under vacuum. There-
fore, under atmospheric conditions, the structures are deflected due to the∼1 bar
pressure drop across the diaphragm. Deflections can be qualitatively detected by
a concentric color gradient in the optical microscope, as in the example of Fig-
ure 4.2 (b). In contrast, a not deflected diaphragm after release exhibits a uniform
color. It has to be considered that the deflection under 1 bar load may be too small
to be deduced if the diaphragms are too stiff (see Chapter 3). Therefore, for the
test structures discussed in this section, arrays with increasing diaphragm radii
(up to 10 µm) are employed. Thus, sealing can be characterized as not successful
if the biggest diaphragms do not deflect.

SEM

As in the examples shown in Section 4.1, the cross section of the sealing material
is investigated by SEM in order to get information on the film quality. SEM ima-
ging of the released diaphragms sometimes resulted in structural deformation,
supposedly caused by electron-beam induced charging of the Al2O3. Therefore,
SEM characterization is not performed on the released diaphragms.

49



4 Ultra-small thin film diaphragms by ALD Al2O3

AFM induced damage of structures

During AFM imaging of the released diaphragms, care has to be taken to scan
in tapping mode with low force. Fragile structures, like the free-standing dia-
phragms, can be damaged when scanned by AFM in contact mode. In some
cases this can be made use of to induce some structural damage at specific loc-
ations. This allows in particular to break the sealed structure at the access path
and thus remove the pressure drop across the diaphragm. Additionally, AFM is
used to quantify the deflections as well as to measure the mechanical sensitivity
through force-deflection curves.

4.3.2 Requirements and strategy

Requirements regarding the properties of the sealing, posing restrictions on the
employed materials and processes, are summarized here:

• Hermeticity: The major requirement is that the material should allow a her-
metic seal, meaning that no permeation of gas or liquid is allowed through
the material. In general the best hermeticity properties are provided by
metals, while polymers show the tendency for high permeability [98]. The
hermeticity of a material is influenced by the thickness [99], and the film
quality (e.g. the absence of pinholes) may have a big impact on the diffu-
sion properties [75].

• Local deposition: Additional layers deposited onto the diaphragm layer
may have a significant influence on the mechanical behavior. Not only does
the stiffness increase due to the thickening of the layer, but also the effective
residual stress in the structures can change. Therefore, a method is desired
that does not increase the diaphragm thickness. While sealing material de-
posited on top of the diaphragm may be removed again by etching after the
sealing step, this is particularly important for the interior surfaces of the
structure. Especially CVD processes might lead to significant deposition
in the interior of the cavity owing to their conformal deposition properties.
Belgacem et al. have reported on the reduction in the gap from 200 to 60 nm
upon sealing the via channels with LPCVD polysilicon [97]. For certain ap-
plications, the deposition of thin films inside released cavities might not
impair the device functionality significantly. In the case considered here, in
a 100 nm high cavity this could lead to complete closure of the gap, result-
ing in non-functional devices. Even the deposition of thinner films can have
a strong detrimental effect on the mechanical sensitivity of the diaphragms,
as has been shown in Section 3.3.
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4.3 Diaphragm sealing

• Temperature compatibility: Restrictions on the deposition temperature are
given by the materials already present prior to sealing. In particular no tem-
peratures above ∼330◦C are allowed, since this might lead to the diffusion
of the gold contacts into the underlying silicon oxide [100].1

• Reference pressure: The process pressure during the deposition of the seal-
ing material defines the reference pressure inside the cavity. The biggest sig-
nal change is expected when the top gate is close to the channel. In contrast,
for large gaps, the variation in the gap distance leads to a reduced modu-
lation of the electric field and the expected sensor signal (see Chapter 6).
Therefore, the sealing process is aimed at taking place at low pressures,
such that the reference pressure is low.

• Dry process: As mentioned before, after the release of the structures no wet
etching process steps are allowed until the access holes are sealed. Any li-
quid entering the cavity would result in pulling the diaphragm down to the
substrate. This means that in particular no lithography steps are possible
as long as the access holes are opened.

The incompatibility of released diaphragms with wet processing is demon-
strated in Figure 4.8, where a set of test structures with an ALD thickness
of 50 nm and radii from 1.5 to 5.5 µm is shown. After dry release (Fig-
ure 4.8 (a)), the diaphragms are freestanding, which is signified by the uni-
form red color of the diaphragms. After immersing the sample into IPA
and drying again (Figure 4.8 (b)), the diaphragms with R > 4 µm have col-
lapsed, which is attributed to the surface tension forces developed by the
drying liquid inside the cavity. Diaphragms with R < 4 µm are stiff enough
to withstand these stiction forces. Once the diaphragms touch the substrate
they cannot be released anymore due to strong van der Waals interactions.

Based on these considerations, the following approach is proposed to seal the
diaphragms:

• A lift-off mask is deposited prior to sacrificial layer etch containing open-
ings at the locations of the access holes.

• A PVD process is used to restrict the deposition of the sealing material to
the location of the access holes, which is performed directly after the dry
release of the diaphragms.

• The material from outside the access holes is removed by lift-off.

1This restriction is not critical for the test diaphragms presented in this chapter, but is important to
consider with regard to future integration of the diaphragms into the CNFET fabrication process.
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4 Ultra-small thin film diaphragms by ALD Al2O3

(a) (b) 

20 mm 20 mm 

collapsed 

Figure 4.8: Demonstration of stiction occurring due to liquid inside the cavity.
(a) After dry release, all the diaphragms are free-standing. (b) Immer-
sion of the sample into IPA leads to collapse of the diaphragm with
R > 4 µm during drying. Small diaphragms exhibit a high enough
stiffness to withstand the surface tension forces during evaporation of
the liquid.

4.3.3 Tested approaches

Given the good results reported by Bartek et al. [96], evaporated aluminum
(500 nm thickness) is first tested as the sealing material. The evaporation is car-
ried out under 30◦ oblique angle to ensure coating of the interior of the access
holes. The microscope observation showed that this sealing approach does not
result in successful sealing. SEM pictures of the cross section (see Figure 4.9 (a))
do not deliver any clear hints on why the sealing fails, as the film quality looks
good with no visible voids.

As second method, sputtering of 500 nm aluminum is tested, but the results are
ambiguous. In some cases, the diaphragms collapse, but not in accordance with
the expected forces due to 1 bar pressure difference. This indicates that there
is liquid leaking into the channel during lift-off. Figure 4.9 (b) shows a cross
section SEM picture of the sputtered aluminum film. The film looks very smooth
and denser in contrast to the result obtained by evaporation. In particular, from
this cross section image there is no indication of leakage paths.

Top view SEM images give a hint why leakage might occur for the films de-
posited by sputtering. While in the case of evaporation (Figure 4.10 (a)) the film
quality looks good over the investigated area, for the sputtered films at some loc-
ations along the rim of the etch hole there are voids visible, which can be as large
as 100 nm (Figure 4.10 (b)). This is a hole size that may provide access for the
solvents employed during lift-off to enter the cavity. Once this happens, collapse
of the diaphragms is inevitable.
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(a) (b) 

300 nm 500 nm 

Figure 4.9: SEM images of the cross sections of aluminum sealing layers. Nom-
inally 500 nm of aluminum are deposited by (a) evaporation and
(b) sputtering.

(a) (b) 

1 mm 400 nm 

Figure 4.10: (a) Using evaporated aluminum no stiction occurs because no voids
are present in the film. (b) SEM top view image reveals voids in the
sputtered Al sealing layer. Lift-off in this case results in collapsed
diaphragms.

A different approach involves the use of a material combination to test the
option of reflow. In that case, similar to eutectic bonding, the material deposited
at the proper composition is heated above the eutectic temperature. After cooling
down, the solidified alloy is supposed to be able to fill small voids or cracks that
might have been present before [101].

The concept of reflow is shown in Figure 4.11 where a film stack of
Ti/Au/Sn/Au1 is shown before (Figure 4.11 (a)) and after reflow (Fig-
ure 4.11 (b)). The nominal film thicknesses are (20/100/200/200) nm correspond-
ing to an eutectic composition of 80 wt% Au [102]. The cross sections after lift-off
show that the film stack is not clearly discernible. After heating to ∼270◦C for

1The titanium serves as adhesion layer and does not contribute to the eutectic reflow.
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(a) (b) 

600 nm 400 nm 

1 mm 

Figure 4.11: (a) Eutectic composition of AuSn (80 wt% Au) after lift-off. (b) After
annealing for 2 minutes at ∼270◦C the material has reflown, but ex-
hibits voids.

2 min it can be seen how the film morphology changes, however the limitations
of this approach are shown in the inset of Figure 4.11 (b). While the solidified
material forms a dome-shaped structure of ∼500 nm height, there are voids vis-
ible in the reflown alloy. This evidently does not provide a leak-proof sealing.
Whether the formation of these voids is due to an inherently bad layer quality,
which might be improved by adjusting the process parameters, could not be con-
cluded. In eutectic wafer bonding using this material combination, the strong
bond is achieved by applying a considerable pressure in the order of several MPa
on the sample [103]. This is not an option in the presented approach.

Table 4.1: Summary of the investigated sealing approaches.

Approach Thickness Stiction after lift-off Sealed Remarks

Al evaporation 500 nm No No

Al sputtering 500 nm Yes No Voids

AuSn evaporation 200 nm No No

AuSn reflow - No No Voids

A summary of the investigated approaches is given in Table 4.1. Concerning
the reliability of the process, evaporation seems to be the more promising depos-
ition method than sputtering, because the immersion of the samples into solvents
associated with the lift-off procedure did not cause stiction. This means that no
macroscopic voids are present in the evaporated films allowing for liquids to leak
into the channel. The fact that no stable seal results from applying 500 nm of alu-
minum could be associated with small pinholes in or gas permeation through the
material. Considering the small volume of inside the cavity, a non-hermetic seal
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4.3 Diaphragm sealing

would lead to immediate increase in the pressure.

4.3.4 Successful sealing by implementing thick film lift-off

Based on the above presented study, evaporation is determined to provide the
most promising sealing layers in terms of film quality. The hypothesis is that
500 nm are too thin to efficiently block gas permeation, which is required to ob-
tain hermetic seals. The thickness at which lift-off processes can be reliably car-
ried out is limited by the resist thickness, which in this case is ∼500 nm (defined
by the thickness of the lower part of the bilayer). Attempts to structure sealing
circles with significantly higher film thicknesses (>1 µm) results in ripping away
the sealing structure during lift-off.

Therefore, in order to achieve a reliable lift-off process for thicker sealing lay-
ers, the thickness of the lower P(MMA/MAA) is increased by repeated spin coat-
ing, while the thickness of the PMMA top layer is maintained. The SEM picture
in Figure 4.12 compares the resist profile of a lift-off mask with two different
P(MMA/MAA) thicknesses. The situation in Figure 4.12 (a) shows a standard
mask, where the lower layer is spin coated once. A P(MMA/MAA) height of
500 nm can be identified, and the undercut on either side is ∼800 nm. By repeat-
ing the spin coating four times, the thickness increases to 2 µm (Figure 4.12 (b)),
as expected from the summation of the thicknesses. While the size of the open-
ing hole (defined by the PMMA top layer) is 8.5 µm in both cases, the undercut
increases to 1.5 µm.1 This is expected from the widening of the electron beam
during EBL with increasing resist penetration depth.

Using this thicker mask, the lift-off of up to 2 µm thick Al layer is reliably facil-
itated. In order to ensure good adhesion to the diaphragm access holes, a 20 nm
thick Ti adhesion layer is first deposited with 30◦ tilting angle. Then a 1.7 µm Al
sealing layer is evaporated without tilting the sample, followed by lift-off. The
pressure inside the cavity enclosed by the diaphragm is defined by the sealing
deposition pressure. For the evaporation employed in this case, this pressure is
in the order of 10−6 mbar. That means, under atmospheric conditions, the dia-
phragms experience a load of 1 bar after completion of the sealing procedure, as
specified in the requirements.

In the course of this work, no detailed study on the required thickness of the
seal or on the option of implementing other materials was conducted. By apply-
ing the proposed thick film lift-off procedure, other materials than Al might allow
hermetic sealing as well.

1The larger undercut in the lower layer needs to be taken into consideration when closely packed
structures are required. If possible, the design should be adjusted in such a way that the pitch
between the holes exceeds the undercut.

55



4 Ultra-small thin film diaphragms by ALD Al2O3
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Figure 4.12: SEM images of the EBL resist profiles. (a) Standard procedure with
∼500 nm thick lower layer. (b) Spinning the lower layer 4 times leads
to a thickness increase to 2 µm.

4.4 Diaphragm characterization

In this section, the properties of the finalized diaphragms are discussed. Fig-
ure 4.13 shows typical microscope pictures of sealed diaphragms with thick-
nesses of 30 nm (Figure 4.13 (a), radii from 1 to 5 µm) and 50 nm (Figure 4.13 (b),
radii from 5.5 to 9.5 µm). The concentric color gradients indicate a uniform bend-
ing down of the diaphragms, as has already been mentioned above.

As expected from the simulations, the diaphragms with 50 nm thickness ex-
hibit a much higher stiffness than in the case of 30 nm Al2O3. This can be extrac-
ted from the microscope pictures, where the thinner diaphragms with R > 4.5 µm
deflect fully to the bottom under 1 bar pressure. For the thicker diaphragms, a
radius of 8.5 µm is required to result in full deflection. Some of the structures in
Figure 4.13 (b) exhibit distortions from the uniform color gradient, which signify
imperfections in the layers. These flaws typically result from contamination or
resist residues during EBL and their occurrence is very rare in the smaller dia-
phragms.

In order to more accurately quantify the deflections resulting from a 1 bar pres-
sure drop over the diaphragm, the structures are investigated by AFM scans. In
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(a) (b) 

t = 30 nm t = 50 nm 
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Figure 4.13: Microscope images of sealed diaphragm arrays. (a) With 30 nm
Al2O3 thickness, full deflection occurs at a radius of 4.5 µm. (b) In-
creasing the layer thickness to 50 nm results in significantly stiffer
diaphragms.

Figure 4.14, the height profiles through the centers of the diaphragms shown
in Figure 4.13 (a) are depicted. As already extracted from the microscope pic-
ture, the diaphragms with radii of 4.5 and 5 µm fully deflect to the bottom, while
the others exhibit a parabolic profile with the maximum deflection in the center.
From these scans, the center deflections are extracted, as indicated in Figure 4.14,
by the height difference between the left peak height value and the height min-
imum in the center.

The same procedure is performed for the diaphragms with 50 nm thickness
(Figure 4.15). To increase the significance of the extracted center deflections, the
diaphragms with severe imperfections are excluded from the analysis. An over-
view of all the extracted deflections under 1 bar pressure load is shown in Fig-
ure 4.16. The measured data shows significantly reduced deflection values and
a slightly different trend than in the simulations presented in Figure 3.3. In the
latter, for 50 nm film thickness, full deflection is already achieved at a radius of
4 µm, while in the fabricated structures even 7 µm radius does not result in full
deflection. The reason for this discrepancy lies in the residual stress, which is set
to 0 in the first simulations.
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t = 30 nm, p = 1 bar 

d 

Figure 4.14: AFM profiles of sealed diaphragms with 30 nm film thickness.

t = 50 nm, p = 1 bar 

Figure 4.15: AFM profiles of sealed diaphragms with 50 nm film thickness.
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4.4 Diaphragm characterization

As presented earlier in Section 4.2, the assumption of σres = 0 MPa does not
reflect reality, and a significant tensile residual stress can be incorporated into
the diaphragms fabricated on silicon substrates. Including a residual stress of
350 MPa in the simulations yield deflections that follow the same trend as the
measurements. Increasing the diaphragm thickness to 33 nm in the simulations1

results in perfect overlap of the measurement and simulation for the thinner dia-
phragms. For the thicker diaphragms, the same σres is set as model input, and
the thickness is also increased by 10% to 55 nm. It can be seen that the simu-
lations slightly overestimate the deflections, however the measurement exhibits
the same trend as the simulated values. The determined residual stress is in very
good agreement with the values reported before [59].

sres = 350 MPa 

Figure 4.16: Overview of the extracted deflections due to 1 bar pressure differ-
ence. The measured values fit well to the ones obtained by simula-
tions.

In order to confirm that the deflection is actually the result of the 1 bar pressure
drop across the diaphragms under atmospheric conditions, the access paths are
destroyed by controlled breaking with the AFM. It can be seen that the initially
sealed diaphragms (Figure 4.17 (a)) relax to an undeflected state after breaking
the access path (Figure 4.17 (b)). This behavior clearly demonstrates the effective-
ness of the applied sealing process.

A final mechanical characterization of the diaphragm with 3 µm radius is
shown in Figure 4.18. The AFM force-deflection curve of diaphragm is meas-

1The exact Al2O3 thickness has not been measured on these samples. The estimation of 33 nm film
thickness resulting from 345 ALD cycles is however justified.
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Figure 4.17: Microscope images demonstrating the effectiveness of the sealing.
(a) Two diaphragms deflecting due to atmospheric pressure after
sealing. (b) After destroying the via path by AFM the sealing is
broken and the diaphragms are able to relax to an undeflected state.

ured before (blue curve) and after (green curve) destroying the seal. The force
curve of the sealed device can be shifted to fit the measurement after breaking of
the via path (red dashed curve). This indicates the amount of force correspond-
ing to the pressure load of 1 bar. For diaphragms with R = 3 µm, a ∆p of 1 bar
thus corresponds to a force of ∼420 nN. This value is used for the mechanical
characterization of the diaphragm of the device discussed in Chapter 6.

t = 30 nm, R = 3 mm 

p = 0 bar 

p = 1 bar 

1 bar ≈ 

400 nN 

Figure 4.18: Force-deflection measurements of a diaphragm with R = 3 µm before
and after breaking of the via path.
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4.5 Conclusion of the chapter

Using a silicon based sacrificial layer technique, ALD Al2O3 diaphragms with
radii in the order of a few microns and thicknesses of tens of nm were fabricated.
A method to control the residual stress by matching the tensile intrinsic stress
with compressive thermal stress on quartz substrates was shown. However, this
technique is only applicable to diaphragms fabricated on substrates with a CTE
higher than the one of ALD Al2O3. In diaphragms on silicon substrates there will
always be tensile residual stress, since in that case the thermal stress as well as
the intrinsic stress is tensile. Successful sealing of the diaphragms under vacuum
was achieved by employing a 1.7 µm thick Al seal. The sealings were stable for
at least 4 months; however, long-term stability of the sealing needs to be studied
in more detail over a longer period of time.
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The major part of this work consists of the development of a fabrication process
for integrating the required sensor parts into the CNFET fabrication. This chapter
describes the investigations and presents the results that led to the final device
fabrication process. Special emphasis is placed on the process steps significantly
different to earlier work [26, 70, 104]. The qualitative observations obtained by op-
tical inspection are supplemented with electrical measurements at different steps
along the process flow.

The devices presented in this chapter are fabricated on silicon substrates. Be-
sides silicon, quartz substrates were employed, motivated by the possibility of
synthesizing aligned SWNTs by lattice-oriented growth [105] and the option of
controlling the residual stress in diaphragms (see Chapter 4). However, the
CNFET fabrication on quartz substrates resulted in a very low yield, and there-
fore emphasis was placed on silicon substrates. The results of the growth experi-
ments on quartz, as well as CNFET fabrication on quartz substrates are presented
in Appendix B.

5.1 CNFET characterization by electrical measurements

Besides standard characterization techniques (microscope, SEM and AFM), the
CNFETs are characterized electrically. As a quantitative measure, the Id-Vg

curves are compared after different process steps. The CNFET transfer charac-
teristics are recorded either by linearly sweeping the gate voltage, or by apply-
ing Vg in the form of alternating pulses. The latter, performed according to the
procedure described by Mattmann et al. [106], allows suppressing hysteresis by
reducing the screening of the gate voltage due to trapped charges in the dielec-
tric layers. Compared to the pulsed sweep technique, the linear sweeps typically
show lower noise, which is particularly important for the observation of the off-
state. Moreover, the maximum applicable gate voltages with the pulsed method
are limited to ±10 V. Usually a gate voltage range of ±10 V is measured and the
source electrode is biased with 20-30 mV, while the drain is kept at ground poten-
tial. Id is then measured as the current passing through the drain. More details
on the electrical setup can be found in [26].

Finalized devices on silicon contain a top gate as well as the substrate acting as
a global back gate. In order to avoid capacitive coupling of the top gate voltage to
the back gate (or vice versa if the back gate is swept), the non-contacted electrode
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is kept at ground potential. If the non-contacted gate electrode is kept floating,
it will assume a certain potential which is dependent on the voltage applied to
the contacted gate as well as on the capacitances present in the device via the
voltage divider rule. Due to the large capacitances between the outer pads and
the back gate, the developed voltage on the non-contacted gate will be similar
to the applied gate voltage. An example how floating gates can influence the
measurement is shown in Appendix C.

5.2 Development of the fabrication process

The fabrication is based on a selective additive micromachining process. After
carbon nanotube growth, appropriate SWNTs are selected and the required
device components are built at the corresponding locations. The entire process
flow is shown in Figure 5.1 and briefly explained here. The substrate is a highly
p-doped silicon wafer coated with 70 nm thermal oxide (Figure 5.1 (a)), onto
which the SWNTs are grown by CVD (Figure 5.1 (b)). In the next step, the sample
is coated with a protective layer of ALD Al2O3 (Figure 5.1 (c)) and appropriate
SWNTs are selected and contacted (Figure 5.1 (d)). Then, the 100 nm Si sacrificial
layer is deposited on top of the SWNT and the contacts, and the entire sample is
coated with the structural diaphragm layer (30 nm Al2O3 by ALD, Figure 5.1 (e)).
In the next step, the access holes for the later sacrificial layer etch are defined
(Figure 5.1 ( f )), and the top gate electrode is deposited onto the diaphragm (Fig-
ure 5.1 (g)). As described in Chapter 4, a 2 µm thick lift-off mask for the sub-
sequent sealing is structured, which contains openings at the location of the ac-
cess holes (Figure 5.1 (h)). Finally, the diaphragms are released by XeF2 etching
(Figure 5.1 (i)) and the access holes are sealed under vacuum by a 1.7 µm thick
Al film (Figure 5.1 (j)).

In the following, the individual process steps are discussed in detail. A list of
the processed samples, relating the obtained results to processing variations, is
provided in Appendix H. The run sheet for the entire process flow is given in
Appendix I.

5.2.1 Substrate preparation and SWNT growth

This section presents the process and results of the SWNTs synthesized on sil-
icon substrates, which are subsequently integrated into CNFETs. The growth on
silicon is carried out according to a process developed by Lukas Durrer [107]. Ad-
ditionally, SWNT growth has been carried out on quartz substrates, which allows
the aligned growth along a preferential direction [105]. The results of this study
are presented in Appendix B.
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Figure 5.1: Process flow for the fabrication of the suspended gate CNFETs.

For the substrate dicing and cleaning, the same procedure as introduced in
Section 4.1 is applied. The 70 nm thick thermal oxide serves as back gate dielectric
and diffusion barrier during the SWNT growth (Figure 5.1 (a)).

The carbon nanotubes are synthesized by catalytic chemical vapor deposition
(c-CVD) [107]. The iron-loaded ferritin is adsorbed onto the samples by immers-
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ing the chip into a ferritin solution for 3 minutes.1 The ferritin based approach al-
lows a separate control of the nanoparticle diameter (via the loading time and op-
tional size separation by ultracentrifugation [108]) and the catalyst density on the
substrate (via the ferritin concentration). In order to obtain an adequate SWNT
density, the catalyst ferritin solution is diluted in N-morpholino ethanosulfonic
acid (MES) prior to adsorption [109].

After ferritin adsorption, the samples are placed in a LPCVD reactor
(ATV PEO 603) and heated up to 850◦C in air. During the heating, the organic
protein shell decomposes, leaving iron oxide nanoparticles on the substrate. Hy-
drogen is introduced into the chamber to a pressure of 350 mbar to reduce the ox-
ide, resulting in metallic iron catalyst nanoparticles. After reduction, the growth
precursor gases CH4 and H2 are introduced into the reactor to a ratio of 2:1, and
the SWNT synthesis is carried out at a static pressure of 210 mbar for 15 minutes.

The work of Durrer [72] on ferritin-based growth of SWNTs and the therein
established growth models are used to explain the main growth characteristics.
Figure 5.2 shows SEM pictures2 of synthesized SWNTs on Si/SiO2 substrates.
Most tubes are straight with a kink at one end, as depicted in Figure 5.2 (a). This
shape is usually observed for SWNTs with diameters bigger than 0.9 nm [72].
According to Durrer, the tubes start growing perpendicular to the surface after
nucleation, before falling down to the substrate after a certain length is reached.
At this stage the tubes adhere to the substrate by van der Waals forces, which
prevent further movement of the tubes along the surface. At the catalyst site
growth continues which leads to the characteristic kink on one side.

In some cases very long and curvy SWNTs, as shown in Figure 5.2 (b), can be
observed. While the basic growth mechanism is the same as for the straight tubes,
the difference in appearance can be explained with the smaller SWNT diameters.
Durrer [72] suggests that if the tube diameter is below 0.9 nm, the tubes can easily
attach and detach from the surface after falling down due to the weaker van der
Waals interactions. Therefore, the SWNTs may grow much longer, because they
are able to move along the substrate as synthesis proceeds. These tubes often
exhibit lengths of tens of µm. Due to the smaller diameters the tubes are less stiff,
which leads to the curvy shape.

For later device integration, the straight SWNTs are preferred over the curvy
ones. On the one hand, certain device concepts like SWNT resonators or carbon
nanotubes as piezoresistive components require a straight SWNT channel. On
the other hand, strong kinks may affect the electrical characteristics of the SWNTs
[25]. Moreover, the smaller tube diameters associated with the curvy tubes leads

1Alternatively, a droplet of the ferritin solution can be cast on top of the chip. The immersion method
provides better coverage uniformity.

2Due to the inherently bad contrast of carbon nanotubes in SEM pictures, the tubes are marked by
hand. The original picture can be found in Appendix F.
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Figure 5.2: SEM images of typical SWNTs grown on Si/SiO2 substrates (tubes are
marked by hand for visibility). (a) Straight SWNTs exhibiting a char-
acteristic kink. (b) Long and curvy SWNT characterized by a diameter
dSWNT < 0.9 nm. (c) SWNTs grown using optimized growth paramet-
ers yielding mostly straight tubes. Original pictures in Appendix F.

to a higher contact resistance. Kim et al. [110] reported a drastic decrease of the
on-state current for tube diameters below 2 nm.

Therefore, optimized partial pressures of CH4 and H2, determined by Dur-
rer [72], are used for growth, yielding an increased fraction of straight tubes. The
strategy to achieve that, lies in balancing the poisoning and underfeeding of cer-
tain catalyst sizes [111]. Since the SWNT diameter is linked to the diameter of the
catalyst nanoparticle [108], activating a certain catalyst size window leads to a
corresponding size selection of the grown SWNTs. An example of SWNTs grown
on Si/SiO2 using these optimized parameters deduced by Durrer [72] is shown
in Figure 5.2 (c). Most of the tubes observed are straight, which indicates a dia-
meter of more than 0.9 nm. Although the majority of the tubes exhibit lengths
in the order of 2 - 3 µm, there are several SWNTs visible with more than 10 µm
length.

In order to get information about the tube diameters, AFM scans are performed.

67



5 Process development for suspended gate CNFETs

Profile 1 

Profile 3 
Profile 2 

(a) (b) 

2 mm 

Figure 5.3: (a) AFM height image of typical SWNTs grown on a Si/SiO2 substrate.
(b) The cross sections at the marked locations show the SWNT diamet-
ers (as the height of the indicated peaks).

Figure 5.3 (a) shows a representative height image of a sample with SWNTs
grown on Si/SiO2 and the profiles at the corresponding locations are depicted
in Figure 5.3 (b). The selected tubes show a diameter in the range of 3 - 4 nm.
A detailed statistical analysis of the SWNT diameters has not been performed in
this work but is available from earlier studies [72].

5.2.2 SWNT localization, selection and contacting

In this section, the processes required to contact selected SWNTs are described,
corresponding to (c) and (d) in Figure 5.1. After these process steps, the
devices are CNFETs in a back gate configuration, similar to those reported by
Mattmann [70]. Therefore, in general the process flow developed in extensive
prior work is applied [26, 70, 104], which however is improved in several aspects.
In this section, these process improvements are discussed in detail, whereas the
already existing process steps are only shortly explained.

Protective layer and pad formation

In order to protect the SWNTs from contamination, the sample is covered with a
20 nm Al2O3 layer deposited by ALD at 150◦C [112]. This protective layer pre-
vents the SWNTs from getting into contact with the resists during the subsequent
lithography steps, which significantly improves the contact properties. Using this
protective layer, a decrease of the on-state resistance by a factor of 2 was repor-
ted [112], owing to the elimination of resist residues on the tubes and especially
in the contact areas.

In the next process step, the outer bond pads for later electrical probing and
wire bonding of the devices are formed by photolithography and lift-off. The
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photomask contains leads connecting the outer bond pads to smaller pads in
the center of the chip. These small pads enclose an area of ∼60 x 60 µm2, in the
following referred to as the area of interest (AOI), which is considered for the sub-
sequent processing by e-beam lithography. An image reversal resist (AZ5214E)
is implemented for the lift-off mask. The pad metal (2 nm Cr/40 nm Au)1 is de-
posited by e-beam evaporation (Plassys II), and the lift-off is carried out in 80◦C
NMP.

SWNT localization

After the formation of the outer bond pads, a map of the SWNTs in the AOI can
be created by either AFM or SEM. A short comparison and evaluation of the two
localization methods is given here, and advantages and drawbacks are listed in
Table 5.1.

• AFM gives very precise images of the topography of the AOI. Therefore
it is not only possible to localize the tubes, but also information about the
diameter (extracted from the measured height) can be obtained.2 Major
drawbacks of AFM are the slow scan speed and the small field of view. The
maximum scan size for obtaining adequate image quality is 30 x 30 µm2,
which means multiple scans are necessary to get a map of the entire AOI.
The small scan size also requires the creation of an additional marker sys-
tem inside the AOI to accurately determine the location of the SWNTs. Lim-
itations in scan speed as well as resolution requirements results in a scan
time of 3 - 4 hours per image. Therefore, scanning the entire AOI (4 images)
requires almost one full day.

• SEM reveals the location of SWNTs by charging the surrounding of the tube.
Allowing continuous magnification control, the image size can be easily ad-
justed. Together with the fast scan speed of the electron beam this allows
imaging the entire AOI within a few minutes. The additional markers are
not required because the inner pads can be used as reference locations. A
concern of SEM localization is that SWNTs may be damaged or contamin-
ated by electron induced carbon deposition [113]. Additionally, the char-
ging of dielectric layers during SEM may have an influence on the later
electrical behavior materials. However, covering the SWNTs with Al2O3
layer helps by avoiding direct exposure of the SWNTs to the e-beam and
restricting contamination to the surface of the protective layer.

1In the following, the notation (2/40) nm will be used to indicate the thickness of evaporated mul-
tilayers.

2When the tubes are covered with a protective Al2O3 layer, this diameter assignment is no longer
possible.

69
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Table 5.1: Comparison of AFM and SEM as localization methods.

AFM SEM

Time consumption − : Hours + : Minutes

Accuracy + : Very good + : Very good

Information + : SWNT diameter,
length and orientation

− : SWNT length
and orientation

Additional processing − : Inner markers + : Nothing

SWNT selection

Appropriate SWNTs are selected using the map of the AOI according to the fol-
lowing criteria:

• Length: In order to facilitate the integration of the various device compon-
ents on top of the CNFETs, a channel length of at least 1 µm is desired.1

Source and drain contact electrodes consume typically 1 µm each. Addi-
tionally, a SWNT clearance of 1 µm is allowed on both sides of the CNFET
channel to compensate for localization inaccuracies and misalignments in
contacting. This results in a required length of at least 5 µm for the CNFETs.
This requirement is not easily met, as the mean length of SWNTs grown on
Si/SiO2 is in the order of 3 µm [114].

• Diameter: According to Kim et al. [110], a SWNT diameter of more than
2 nm is required to get good contact properties. It has been shown that for
diameters below this critical value contact resistance is strongly increased.
It is worth noting that information about the diameters are only available if
localization is performed by AFM without protective Al2O3 layer.

• Shape: It is preferred that the SWNT is straight over the length of the
channel. On the one hand this means that no defects resulting from kinks
in the SWNT are present, providing a better tube quality. On the other
hand, a curvy tube shape is typically an indication of a small tube diameter
(dSWNT < 0.9 nm) [72].

• Individuality: For the reliable electrical operation of the devices, it is cru-
cial that the selected SWNT is not part of a tube network, i.e. individual
and separate SWNTs are required. This can be achieved to a certain degree

1For earlier devices with a different design the channel required to be as long as 7 µm.
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through the adjustment of the tube density by controlling the ferritin con-
centration on the sample before growth. Additionally, unwanted tubes can
be removed by applying the procedure of selectively etching excess SWNTs,
as described in detail below.

After selecting appropriate tubes, an individual mask containing all the required
device components is designed for each sample.

Removal of excess tubes

Controlling the SWNT density by adjusting the ferritin dilution does not neces-
sarily result in the right tube density in the AOI. During the various growth ex-
periments, it was often observed that a small change in ferritin dilution can have
a big impact on the amount of catalyst nanoparticles and therefore SWNTs after
growth. Additionally, adsorption and growth are not perfectly uniform over the
substrate and yield variations occur over different samples, especially in the case
of a low SWNT density as it is required for nanotube integration. As a result,
samples often contain a very low amount of tubes that actually meet the require-
ments described above. In order to have enough appropriate SWNTs available
for device fabrication, the concept of excess SWNT removal is introduced into
the process flow. The additional process steps are similar to the process reported
by Zhang et al. [115], where the selective burning of carbon nanotubes by oxy-
gen plasma is shown. The tube density is chosen higher than needed on purpose,
such that enough eligible tubes, satisfying the criteria described above, are avail-
able. The SWNT density still should not be arbitrarily high, since too dense tube
networks will make it impossible to select individual SWNTs.

Figure 5.4 demonstrates the concept of SEM localization as well as SWNT se-
lection by removing the excess tubes. The as-grown tube density (Figure 5.4 (a)1)
is too high to facilitate contacting the selected SWNT, indicated by the dotted
ellipse, without creating short-circuits between the leads due to the surround-
ing SWNTs. In order to remove the unwanted tubes, the selected SWNT is first
protected by a P(MMA/MAA) mask created by EBL (Figure 5.4 (b)). The protect-
ive Al2O3 is then etched by H3PO4, exposing the excess SWNTs (Figure 5.4 (c)).
The removal of the Al2O3 is indicated by the color difference in the microscope
images. Finally, by applying an O2-plasma etching step (2 min, 250 W), the un-
protected SWNTs are etched. The SEM image in (Figure 5.4 (d)) demonstrates
the successful removal of the tubes surrounding the selected SWNT.

1To enhance their visibility the SWNTs are marked by hand. The original picture can be found in
Appendix F.
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(a) 

(b) 

(c) 

(d) 

Selected 

SWNT 

Excess 

SWNT 

P(MMA/MAA) 

H3PO4 etching 

O2-plasma ashing 

SEM 

Micro-

scope 

Micro-

scope 

SEM 

5 mm 

5 mm 

5 mm 

5 mm 

Figure 5.4: SEM and microscope images illustrating the selective etching of excess
tubes. (a) Localization of the SWNTs by SEM with tubes marked by
hand (original picture in Appendix F). (b) The selected SWNTs are
protected with a P(MMA/MAA) mask. (c) The excess SWNTs are
exposed by etching of the protective ALD Al2O3. (d) SEM image after
O2-plasma removal of the unwanted SWNTs. Sample 125-X2Y1.

Contacting and passivation

According to the previously determined locations of the selected tubes, source
and drain contacts are created by EBL and lift-off. The microscope image
in Figure 5.5 (a) shows the same sample and location as in Figure 5.4. The
remaining Al2O3, clearly visible by the color difference, still serves to protect
the SWNTs from resist contamination during EBL of the contacts. For an electrical

72



5.2 Development of the fabrication process

(a) 

(b) 

(c) 

(d) 

Selected 

SWNT 

Bilayer mask 

H3PO4 etching 

Metal deposition, 

lift-off and passivation 

5 mm 

5 mm 

5 mm 

5 mm 

Figure 5.5: Microscope images illustrating the contacting process. (a) After re-
moval of the excess tubes (see above), the selected SWNTs are still
protected by ALD Al2O3. (b) The lift-off mask for the contacts and
leads is defined by EBL. (c) Prior to evaporation the protective layer
is etched from the location of the contacts. (d) After contact evapora-
tion and lift-off the sample is coated with an Al2O3 passivation layer.
Sample 125-X2Y1.

contact between the source / drain metal and the SWNT, the protective Al2O3
has to be removed by etching prior to the evaporation of the contact material.
This is demonstrated in Figures 5.5 (b) and (c), which show the sample after EBL
of the lift-off mask for the contacts and after 2 min etching in H3PO4, respect-
ively. The contact metal (2/40) nm Cr/Au is then evaporated and structured by
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5 Process development for suspended gate CNFETs

lift-off. Finally, the device is passivated by ALD Al2O3, which prevents oxidation
of the contacts and ensures long-term stability [26]. In order to obtain a uniform
and high-quality passivation, the remaining alumina is first removed completely
before coating the entire sample with 40 nm Al2O3 deposited at 300◦C. A micro-
scope image of the sample after passivation is shown in Figure 5.5 (d).

Two batches of devices were fabricated employing the selective SWNT etching
process, referred to as batch 118 and batch 125.1 The on-state resistances Ron of all
the working CNFETs2 are provided in Figures 5.6 (Batch 118) and 5.7 (Batch 125).
In the former, CNFETs of different channel lengths ranging from 1 to 5 µm are
produced. A very clear trend of increasing on-state resistance with longer chan-
nel lengths can be observed, although Ron exhibits a quite wide distribution. The
linear increase of the resistance with channel length represents the channel res-
istance contributing to the total Ron. At the same time, the results suggest good
and reproducible contact properties, owing to the improved cleanliness using the
protective Al2O3. A detailed investigation of the CNFET contact properties can
be found elsewhere [112]. In batch 125, only channels with 1 µm length are em-
ployed. The resulting Ron values lie within the expected range of 20 - 100 kΩ.
In general, the SGS CNFETs exhibit slightly lower Ron compared to the semicon-
ducting CNFETs. Among all these CNFETs, only one of batch 118 (marked with
a circle in Figure 5.6) exhibits an exceptionally high resistance of ∼300 kΩ.

300 kW 

Batch 118 

Figure 5.6: Distribution of the on-state resistances of all CNFETs produced on
batch 118. With increasing channel length the trend to higher Ron can
be observed.

1The batch names indicate the ferritin dilution applied: 1:118 and 1:125 vol% ferritin:MES, respect-
ively. A third batch, which employed a dilution of 1:135, did not require the selective tube etch
and is therefore not included here. This is also indicated in the sample list in Appendix H.

2Ron for semiconducting devices is defined here as the resistance at Vg = +10 V; for SGS devices Ron
is the averaged resistance over the entire gate voltage sweep.
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Figure 5.7: Distribution of the on-state resistances of all CNFETs produced on
batch 125. All CNFET channels have a length of 1 µm.

A summary of the two fabricated batches is listed in Table 5.2. A yield of >95%
is achieved in the sum of both batches. The fraction of SGS (∼40%) is in good
agreement with the theoretical expectation assuming the SWNTs do not favor a
specific chirality.

Table 5.2: CNFETs of the two batches fabricated by SEM localization and selective
removal of excess SWNTs.

Batch ID # Designed # Semiconducting # SGS Yield

118 29 16 11 93%

125 37 22 14 97%

The obtained results suggest that SEM localization and selective tube removal
is a viable route to fabricate CNFETs on individual SWNTs. The low on-state res-
istance is supposed to be the result of improved contact properties by reducing
contamination from the nanotubes [112]. No detrimental effect on the transfer
characteristics arising from the exposure to the electron beam [113] can be ob-
served. Therefore, it can be concluded that the Al2O3 layer can efficiently protect
the SWNTs from electron beam induced deposition of amorphous carbon during
SEM inspection. The time consumption for the localization of the SWNTs can
be decreased by 2 - 3 orders of magnitude compared with the AFM localization
method.
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5.2.3 Sacrificial layer, diaphragm layer and top gates

The results presented in this section show the structuring of the diaphragms and
top gates, corresponding to steps (e - g) in Figure 5.1. The processes employed
for the fabrication of the sacrificial layer and the ALD of the diaphragm layer are
done according to the procedure described in Chapter 4 and are therefore only
briefly reviewed.

Diaphragm integration on top of CNFET

As mentioned in Chapter 4, the sacrificial layer (100 nm Si) is structured by EBL
and lift-off. The entire sample is then coated with the structural Al2O3 layer de-
posited by ALD. Typically 30 nm film thickness and 180◦C deposition temperat-
ure are used for the devices. Subsequently, the access holes for the later release of
the diaphragms are etched at the respective locations. A microscope image after
implementing the aforementioned process steps (corresponding to Figure 5.1 ( f ))
is shown in Figure 5.8 (a).

(a) (b) 

10 mm 10 mm 

Figure 5.8: (a) CNFET after deposition of the sacrificial and structural layer as
well as etching of the access holes. (b) The same sample with the top
gate electrodes and leads. Sample 125-X2Y1.

The bond pad areas are covered with ALD alumina during the previous pro-
cess steps. This insulating layer needs to be removed to be able to probe and
wire bond the pads. The same applies to the inner pads, which have to be free of
Al2O3 for subsequent contacting of the top gate metal. The total layer thickness
on top of the pads results from the passivation layer and the structural Al2O3 and
typically sums up to 70 nm. The etch holes on the pads are defined by EBL (using
a 120 µm aperture to save exposure time) on the same resist layer as for the access
holes to the sacrificial layer. Thus all holes can be etched at the same time.

In order to observe the functionality of the CNFET along the process flow, the
electrical signal of the devices is measured after different fabrication steps. The
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transfer characteristic of one selected device is presented in the following, and the
changes due to the processing and the differences in gating (back gate or top gate)
are pointed out. The same device will be discussed in detail in Chapter 6 for the
pressure dependent measurements of the electrical signal. In Figure 5.9, the trans-
fer characteristics of the device at two early stages in the process flow are depic-
ted. The blue diamonds show the Id-Vg curve, measured with the p+- technique,
after contacting and passivation (Figure 5.1 (d)), whereas red squares show the
same measurement after etching of the release access holes (Figure 5.1 ( f )). This
means that the fabrication steps between the two measurements include the de-
position of the sacrificial layer, coating with the structural Al2O3 and etching of
the access holes.1
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Figure 5.9: Comparison of the Id-Vg curves of a selected SGS CNFET. The blue
diamonds show the back gated signal after contacting, the red squares
after fabrication of the sacrificial layer, coating with Al2O3 and etching
the release access holes (but before deposition of the top gates). Device
125-X2Y1_07-08.

At this point the top gate is not yet present, therefore the gate voltage is ap-
plied by back gate sweeps. The SGS CNFET exhibits a characteristic "M-shape",
similar to the exemplary curve shown in Chapter 2. The measured signals after
implementing the mentioned process steps is quite similar to the one of the as-
contacted CNFET in terms of shape and resistance, where only a small shift in
the current maxima and the local minimum can be observed. This indicates no

1The etching of the access holes does not have an influence on the dielectric properties of the device,
because the etch holes are not located in the vicinity of the CNFET channel.
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detrimental effects of the fabrication on the CNFET, which is expected because
the SWNT is efficiently protected from the environment by the passivation layer.

Top gate deposition

In the next process step the top gate is defined on top of the diaphragm by EBL
and lift-off. The fabrication of the top gate is performed prior to the release of
the diaphragms in order to minimize the number of process steps on the released
structures. The gate metal is deposited by tilted e-beam evaporation, where a tilt-
ing angle of φ = 30◦ is chosen to enable coverage of the diaphragm sidewalls. This
is required to ensure the electrical connection to the top gate over the 100 nm step
of the sacrificial layer to the leads on the substrate. The expected deposition prop-
erties resulting from evaporation with a tilting angle are sketched in figure 5.10.
The parallel faces (P1,P2,P3) will be coated with an effective thickness of cos(φ) of
the nominal film thickness. The sidewall face S2 is shadowed from the evapora-
tion (as is part of P3) while the effective deposition thickness on the exposed face
S1 is sin(φ) of the nominal thickness. Due to the rotation of the sample inside the
evaporation chamber, the sidewalls are only exposed to the evaporated material
for ∼25% of the deposition time, while the parallel faces are exposed during the
entire evaporation process. As a result, the effective thickness on the sidewalls
is roughly 12.5% of the nominal deposition thickness and on the parallel faces
∼7 times higher.

f = 30° 

S1 

S2 

P2 

P3 

P1 

Figure 5.10: Coating characteristics of topographies during oblique evaporation
under a tilting angle φ (in this case 30◦). The parallel faces Pi are
coated by cos(φ)·t and the sidewall faces Si by ∼0.25· sin(φ)·t, where
t is the nominal film thickness (see text for explanation).
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Typically applied film thicknesses of the Cr/Au top gates are (16/40) nm, res-
ulting in a sidewall coverage of (2/5) nm while the parallel faces are coated with
∼(14/35) nm.1 The metal thickness of the top gate therefore is around 50 nm.
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Figure 5.11: Id-Vg curves after deposition of the top gate electrodes, but before re-
lease. Top gate (blue diamonds) and back gate (red squares) sweeps
results in similar behavior. Device 125-X2Y1_07-08.

After deposition of the top gate electrodes (Figure 5.8 (b)) , the transfer char-
acteristics of the CNFET obtained by top gate and back gate sweeps can be com-
pared. This is shown in Figure 5.11, where the blue diamonds and red squares
show the CNFET operated with the top gate and the back gate, respectively, with
the non-contacted gate connected to ground. As in the case above, the pulsed
gate sweep method p+- is applied. It can be observed that the two curves largely
overlap, which indicates a similar coupling of the back and the top gate voltages.
This behavior is expected if the sacrificial layer is considered at this point as a
dielectric with εr ≈ 10. The dielectric properties and the electrostatics of this in-
termediate process step have not been investigated in detail. More importantly,
the measurements prove that the device is still intact and fully operational by top
gate as well as back gate. This in particular confirms the connection of the top
gate path across the sidewall of the diaphragm.

1As for the bond pads and the contacts, the Cr is used as adhesion layer.
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5.2.4 Release with protective lift-off mask and sealing

The process steps for the release and sealing of the diaphragms (Figure 5.1 (h - j))
are done as for the structures described in Chapter 4. This means that a lift-off
mask is required to be structured prior to the sacrificial layer etch. This mask
additionally serves the purpose of protecting the gold leads and electrodes of the
top gate from being attacked by the XeF2. If the diaphragms are released without
protection, the exposed gold is removed. This is depicted in Figure 5.12, which
shows a sample that has been released without a pre-structured lift-off mask. The
gold top gate electrodes and leads, which are visible before etching (Figure 5.12
(a)) disappear after etching (Figure 5.12 (b)). The indication given by the change
of the color in the microscope images is confirmed by electrical measurements,
which show no connection after release. Although XeF2 is supposed to etch sil-
icon very selectively, the attack of gold by XeF2 has been reported before [116].
Therefore a test series was conducted to check the option of protecting the gold
by resist during XeF2 treatment. The experiments showed that the attack of gold
can be prevented by covering the sample with PMMA.

(a) (b) 
Gold lead 

Palladium 

contacts 
Released 

diaphragm 

Gold 

removed 

10 mm 10 mm 5 mm 5 mm 

Figure 5.12: Microscope images demonstrating the attack of gold by XeF2. (a) Be-
fore the sacrificial layer etch, the gold leads are clearly visible.
(b) After XeF2 exposure, the gold leads and top gate electrode are
etched. Note that the grey leads in (a) are Pd contacts to the SWNTs.
Sample SP10-X2Y1.

Using the pre-structured lift-off mask, the local deposition of the sealing mater-
ial (1.7 µm Al by evaporation) is enabled. In Figure 5.13 the transistor curves after
the release and sealing of the diaphragm are shown. The blue and red curves rep-
resent linear sweeps of the back gate and top gate, respectively. While the back
gated curve shows a behavior comparable to the case before release, for the top
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gated case the coupling is strongly reduced. This is expected, because after re-
lease the top gate is separated from the SWNT channel by an air gap of ∼80 nm
(see Chapter 6 for a detailed quantification of the diaphragm deflection and top
gate coupling). With a relative permittivity of 1, this air gap has much inferior
dielectric properties than the back gate oxide, which is comparable in thickness
but possesses a relative permittivity of ∼3.9. In this case, a linear gate sweep is
used, which reveals the hysteresis (H) present in the back gated case, as indicated
in the graph. Hysteresis in linear Id-Vg curves is supposed to be mainly a result
of charge traps in the dielectric layers [106]. The lower hysteresis caused by the
top gate might be an indication of the superior quality of the ALD Al2O3 over
the SiO2 back gate dielectric. However, the reduced hysteresis width might also
be explained with the reduced coupling of the top gate voltage, which leads to
reduced filling of charge traps in the dielectric [117].
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Figure 5.13: Comparison of the back gate sweep (blue curve) and the top gate
sweep (red curve) after release of the diaphragm. The reduction in
gate coupling of the top gate after release is clearly visible by the dif-
ference in shape of the curves. The linear gate voltage sweep shows
the hysteresis width H, which is much higher in the case of contact-
ing with the back gate. Device 125-X2Y1_07-08.

In order to test whether the drain current is modulated with the change in gap,
an experiment was carried out where the current was measured while pushing
the diaphragm down with an AFM tip. The results of this study, which actually
showed peaks in the current corresponding to the AFM deflection, are presented
in Appendix D.
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5.2.5 Backend processing

If necessary, the chips are die bonded into a ceramic package and the outer pads
are connected by wire bonding. The chip and the package are cleaned using acet-
one and IPA in order to ensure good adhesion properties. Die bonding is done
with a droplet of P(MMA/MAA) and curing at 110◦C for 10 minutes. Alternat-
ively, silver paste can be used to glue the chip into the package. Wire bonding
is carried out using an ultrasonic wire bonder (Delvotec FEK 5425). In case of
silicon substrates, the risk of penetrating through the thin oxide layer requires
careful setting of the bonding parameters. If the ultrasound time or power is set
too low, the Al wire does not adhere to the bond pads. However, for too high
bonding settings, breakthrough of the oxide may occur, which results in short
circuits between the pads and the silicon back gate.

5.3 Conclusion of the chapter

The previously existing process flow of the CNFETs was successfully extended
to allow the fabrication of the proposed suspended gate CNFET devices. This
includes in particular the integration of the diaphragm, adapting the fabrication
process introduced in Chapter 4. The diaphragm is equipped with a top gate,
which is fabricated prior to release and sealing.

Additionally, the process flow was improved by introducing SEM localization
and selective etching of excess SWNTs. This allows to significantly reduce the re-
quired fabrication time compared with the previously applied AFM localization.
The suspended gate CNFETs on silicon substrates showed very good device char-
acteristics and a nearly 100% yield.

The electrical measurements show that the suspended gate CNFETs can be op-
erated by the top gate, with a significantly reduced coupling compared to the
back gated case. This is expected due to the inferior dielectric properties of the
top gate dielectric, which includes a ∼80 nm air gap.

82



6 Pressure sensor measurements

In this chapter, the pressure response of two SGS devices fabricated in different
process runs is presented. Device 125-X2Y1_07-08, which has been characterized
in Chapter 5, is used to describe the pressure measurements in detail. In a first
part, the diaphragm of this device is characterized by AFM in order to obtain in-
formation on the initial deflection and mechanical sensitivity. In the second part,
a model of the expected change in coupling is developed based on electrostatic
simulations. The utilized pressure measurement setup and the applied experi-
mental procedures are introduced in the next section. Finally, the measurement
results are presented and analyzed. A more detailed evaluation of the signal is
given in Chapter 7.

6.1 Mechanical characterization of 125-X2Y1_07-08

Figure 6.1 (a) shows the schematic cross-section of the device, as it has already
been introduced in Chapter 3. A microscope image and the corresponding AFM
scan of the tested device are shown in Figures 6.1 (b) and (c), respectively. As all
the devices of batch 125, it consists of a CNFET with 1 µm channel length. The
diaphragm with 3 µm radius is equipped with top gate of Relec = 2 µm. The AFM
height image reveals several small bumps distributed over the diaphragm, as
well as a poor lift-off quality at the termination of the top gate path. These imper-
fections are expected to influence the mechanical properties of the diaphragm as
they slightly increase the stiffness. It has to be noted that no attempts to improve
the fabrication in terms of cleanliness were carried out in this process run.

The profile of the diaphragm, taken at the position marked with a white dashed
line in Figures 6.1 (b) and (c), is shown as the blue solid line in Figure 6.1 (d). For
comparison, the designed height profile is indicated with a red dashed line. This
AFM profile shows how the topography of underlying layers is transferred into
the diaphragm layer. The steps due to the source and drain contacts are 40 nm in
height. Both contacts are slightly wider than the designed 1 µm, resulting from
the EBL process, and accordingly the effective channel length is reduced.

A deflection of ∼18 nm can be deduced from the difference between design
and measurement due to the 1 bar pressure drop across the diaphragm.1 This is
roughly three times lower than for a diaphragm of the same radius without top

1Supposedly, not the entire deflection is due to the pressure, but a contribution from tensile σres is
also expected.
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Figure 6.1: (a) Schematic of the device architecture. (b) Microscope image of the
investigated device 125-X2Y1_07-08. (c) AFM height image of the dia-
phragm showing the imperfect surface quality. (d) AFM profile of the
diaphragm at the location indicated by the dashed lines in (b) and (c).

gate, presented in Chapter 4. This significant decrease on one hand results from
the top gate, as has been shown by the simulations in Chapter 3. With a thickness
of 50 nm, the gold layer even exceeds the Al2O3 thickness. This high thickness is,
as described in Chapter 5, resulting from the tilted evaporation, which is required
to enable coating of the diaphragm sidewalls. On the other hand, the contacts
impose corrugations on the diaphragm layer, which further increase the stiffness
of the diaphragm.

The mechanical behavior of the diaphragm is shown in the AFM force-
deflection curve in Figure 6.2. The maximum applied force is limited to 420 nN,
which according to the previously obtained results correspond roughly to 1 bar
applied pressure for a diaphragm with 3 µm radius. The reason why the mechan-
ical sensitivity of the diaphragm is not fully characterized (i.e. by full deflection
to the bottom) is that in some cases structures were damaged by too large applied
forces.
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Figure 6.2: Diaphragm force-deflection characteristic of device 125-X2Y1_07-08.
The x-axis indicates the applied force (bottom) as well as the estimated
pressure (top). The dashed arrows indicate the investigated pressure
levels.

The measurement suggests that for 1 bar additional pressure the deflection
should increase by ∼13 nm. This corresponds to a reduction of the gap from ini-
tially 82 nm to 69 nm (∼16%). The dotted arrows in Figure 6.2 mark the five pres-
sure levels that are investigated in the experiment presented later in this chapter.
The force curve allows estimating what deflections are to be expected under the
corresponding load.

6.2 Electrostatic simulation and model

In an attempt to quantify the expected changes in the SGS Id-Vg curve depend-
ent on the pressure, the coupling coefficient KSGS, which has been introduced in
Chapter 2, is estimated by means of electrostatic simulations. The model is based
on the following assumptions:

• Schottky barriers in SGS CNFETs are negligible.

• The transport in the SGS CNFET is determined by the potential ΦSWNT in
the center of the SWNT channel
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• This potential ΦSWNT is defined by the applied gate voltage Vg and a coup-
ling coefficient KSGS via

ΦSWNT = KSGS ·Vg (6.1)

• The gate voltage can be applied to the top gate or the back gate, which
possess different coupling coefficients. If applicable, also side gates or a
combination of any present gates can be contacted.

• The coupling coefficient in turn is dependent on the dielectric properties
of the device. While in standard CNFETs with a fixed architecture KSGS is
constant, in this particular case it is considerably influenced by the gap g,
and therefore the applied pressure.

To estimate the influence of the gap change between the top gate and the SWNT
channel, electrostatic simulations are performed. The device is simplified to a 2D
model as depicted in Figure 6.3 and the close-up shows the applied meshing. A
further simplification of the model is that the coupling is supposed to be solely
determined by the external potential, and therefore the SWNT is excluded from
the simulation.

Air Al2O3: er = 7.9 

SiO2: er = 3.9 
Gold 

Si 

Vtg 

Vbg 

Vd = 0 V 

g 

Potential at 

tube level 

Figure 6.3: Electrostatic model employed to estimate the changes in gate coupling
due to variations in the gap g.

The change in gate coupling with the diaphragm deflection is investigated by
determining the potential at the level of the tube under 1 V applied gate voltage
for different gaps. Either the top gate or the back gate is contacted, and the non-
contacted electrode is set to ground potential. The resulting potential profile at
the level of the tube for gaps of 20 - 100 nm is shown in Figure 6.4. Under the
above made assumptions, for SGS tubes the potential in the center of the channel
is the determining factor for the current through the CNFET. The coupling factor
KSGS is in that case the fraction of Vg in the center of the channel. A considerable
increase of the gate coupling is determined for reduced gaps. While in the case
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6.2 Electrostatic simulation and model

of zero deflection (g = 100 nm) only about 20% of the applied gate voltage are
coupled to the SWNT, this value increases to more than 45% for a 20 nm gap.

g = 20 nm 

g = 100 nm 

Figure 6.4: Simulated potential profile at the level of the tube for applying 1 V
at the top gate separated by different gaps. The value at position 0
indicates the coupling coefficient KSGS.

Figure 6.5 plots the coupled voltages obtained in the center of the SWNT for 1 V
applied either to the top gate (black diamonds) or to the back gate (red squares).
This voltage corresponds to the coupling factor KSGS, and the plot indicates how
the coupling is modulated with changing gaps. The strongest changes in KSGS
occur for very small gaps, while for larger gaps the modulation of the coupling
with g is reduced. However, there is still a distinct change of KSGS observable
around 80 nm, which will be the gap range expected in device 125-X2Y1_07-08.
For the back gate coupling, an opposite trend can be observed. At g ≈ 80 nm,
the back gate voltage is coupled roughly 4 times better than the same top gate
voltage. This can be explained with the effective dielectric thicknesses tε, where

tε =
t
εr

(6.2)

Because the dielectric constant of SiO2 is 3.9, the coupling is expected to be ∼4
times better than air at comparable thicknesses. In contrast, top gate voltages are
better coupled for gaps smaller than 20 nm.

Using the transfer characteristic of device 125-X2Y1_07-08, shown in Figure 6.6,
these simulations allow to estimate the changes in current that can be expected
when increasing the pressure. The blue curve shows a top gate sweep of ±10 V
at atmospheric pressure. An increase of KSGS from 21.3% to 24.4% is expected
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Figure 6.5: Extracted voltages in the center of the CNFET channel for 1 V applied
either to the top gate or to the back gate, corresponding to the coupling
coefficient KSGS.

from the increase of the pressure from 1 to 2 bar, due to a gap reduction from 82
to 69 nm. Therefore, based on Equation 6.1, an applied voltage of Vtg = 1 V at
2 bar corresponds to 24.4/21.3·Vtg,1bar ≈ 1.15 V at atmospheric pressure. This
voltage increase scales linearly with the applied voltage, therefore the impact of
the modulation in KSGS is amplified for higher gate voltages. Accordingly, a top
gate voltage of -5 V at atmospheric pressure corresponds to ∼5.7 V under 2 bar
pressure. This leads to an expected modulation of the source-drain current in the
range indicated by the shaded square in Figure 6.6 (when operating at Vtg = -5 V).

Figure 6.6 also demonstrates the more efficient coupling if the CNFET is oper-
ated with the back gate at high gaps. If the gate voltages of the Id-Vg curve for a
±1 V back gate sweep (red curve) are multiplied by a factor of 4, corresponding
to the ratio of back gate to top gate coupling for g ≈ 82 nm, the curve overlaps
perfectly with the top gate sweep, which is in agreement with the expectations
from Figure 6.5.

The results of these simulations are used to evaluate the measured sensor sig-
nal and quantitatively compare the measured values with the expectations. This
is discussed more in detail in Chapter 7.
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VBG scaled 4x 

Expected DId 

for 1-2 bar 

Figure 6.6: Transfer characteristic of device 125-X2Y1_07-08 under atmospheric
pressure. The blue and red curves show a top gate sweep of±10 V and
a back gate sweep of ±1 V, respectively. The latter shows a ∼4 times
better coupling. The shaded area indicates the expected range of mod-
ulation for an applied top gate voltage of -5 V for pressures of 1 - 2 bar.

6.3 Pressure measurement experimental

The pressure dependent measurements are carried out by either continuously
sweeping the gate voltage or by applying a constant bias. In this section, these
two measurement techniques as well as the pressure measurement setup are ex-
plained in detail.

6.3.1 Setup

The device under test is placed in a closed socket that contains a gas inlet and
outlet and is connected to a reference pressure sensor. The inlet flow is controlled
by a MFC and can be adjusted between 0 and 1000 sccm. The outlet is connected
to a needle valve that is adjusted such that under maximum flow the pressure sta-
bilizes at ∼2 bar. Under continuous flow conditions the pressure in the chamber
stabilizes within ∼30 seconds at the respective pressure level.

6.3.2 Continuous sweep technique

In this experiment technique, the Id-Vg curves are recorded by continuously
sweeping the top gate voltage while keeping the back gate at ground poten-

89



6 Pressure sensor measurements

tial. Based on the sweep rate of the top gate, the duration of one sweep is
between 5 and 30 seconds. In order to improve the SNR, multiple sweeps are
performed for each pressure level and the Id-Vg curves are averaged. Depending
on the sweep rate, 10 - 30 Vtg sweeps at the same pressure are recorded. Pres-
sure changes are obtained by introducing nitrogen at increasing flow rates (0 -
1000 sccm in 200 sccm increments), while keeping the outlet valve at a fixed posi-
tion. Instead of monotonically increasing the pressure, the flow is turned off after
each pressure level and the chamber pressure returns to atmospheric conditions.
This is done to verify the stability and reversibility of the obtained signal changes
and to identify drift in the baseline current. The pressure requires∼30 seconds to
reach a stable value, therefore the measured sweeps in this transition regime are
discarded for the analysis of the signal. For the signal analysis, Id at a specific Vtg

is determined for every sweep and averaged over the pressure sweeps with the
same pressure. The applied source-drain voltage is in all cases 20 mV1 and the
top gate is swept in the range of ±5 V. This experimental procedure is applied on
two SGS devices, 125-X2Y1_07-08 and 125-X1Y2_09-10.

6.3.3 Constant bias technique

In the second type of experiments, pressure spikes in the chamber are generated
by introducing nitrogen at different flows (200, 400, 600 sccm) for 10 seconds.
Due to the time constant of the pressure increase, the chamber pressure does not
saturate by then. The pressure peaks obtained by introducing the same flow are
very reproducible, and upon turning off the gas flow the chamber returns to atmo-
spheric pressure. This experiment is only conducted for device 125-X2Y1_07-08.
The applied bias voltages are Vds = 20 mV and Vtg = -5 V.

6.4 Pressure measurement results

6.4.1 Continuous sweep technique

For device 125-X2Y1_07-08, the CNFET transfer characteristics are recorded at six
pressure levels from 1 to 2.2 bar, and the change of the Id-Vg curve is analyzed.
For every pressure step 10 sweeps are performed at a gate sweep rate of 2 sweeps
per minute. Figure 6.7 shows the measurement results of the first five pressure
levels, i.e. the regime where the pressure is increased and the intermediate low
pressure steps. The entire measurement includes also the stepwise reduction of
the pressure from the maximum value. This data is shown in Appendix E, to-
gether with the close-ups on three Id-Vg sweeps. It is clearly visible how the cur-

1This low Vsd is chosen due to the very low resistances of the CNFETs, which are 14 and 8 kΩ for
device 125-X2Y1_07-08 and 125-X1Y2_09-10, respectively.
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6.4 Pressure measurement results

rents at +5 V as well as -5 V top gate voltage are reduced as soon as the pressure
is increased, and a distinct dependence of the current changes on the magnitude
of the pressure is deductible.

Figure 6.7: Measurement results of the continuous top gate sweep method for
five higher pressure levels with intermediate reduction to atmospheric
pressure. Device 125-X2Y1_07-08.

Figure 6.8 compares the transfer characteristics of the CNFET under different
pressures, where for each pressure level the sweeps 2 - 9 are averaged. While for
Vtg ≈ 0 V all curves more or less overlap, a clear reduction of the drain current
at +5 V and −5 V top gate voltage can be seen for higher pressure. This sim-
ultaneous reduction of drain current for positive and negative top gate voltages
reflects a change in gate coupling resulting from the variation of the gap between
the top gate and the SWNT channel, as expected from Figure 2.6.

The inset of Figure 6.8 shows the relative signal change dependent on the top
gate voltage for the different pressure levels. These values are calculated accord-
ing to Equation 2.11. Based on this sensitivity analysis, the current at Vtg = -5 V is
selected for further analysis.

The second investigated device, 125-X1Y2_09-10, is also based on a
SGS CNFET. As in the case of device 125-X2Y1_07-08, the diaphragm radius is
3 µm. A difference between the two devices is the size of the top gate electrode,
which in the second device is Relec = 1.5 µm, as shown in the AFM image in
Figure 6.9 (a). Id-Vg sweeps of the second device recoded at different pressures
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Figure 6.8: Averaged Id-Vg curves of device 125-X2Y1_07-08 for the six pressure
levels. The inset shows the dimensionless sensitivity as a function of
the applied top gate voltage.
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Figure 6.9: (a) AFM image of the diaphragms of device 125-X1Y2_09-10.
(b) Id-Vg curves of device 125-X1Y2_09-10 recorded at different pres-
sures.

from 1 - 2 bar are shown in Figure 6.9 (b). In this case, the sweep rate is increased
to 10 sweeps per minute, and for each pressure level 30 sweeps are recorded.
The transfer characteristics are modulated in the same manner as in device 125-
X2Y1_07-08 with increasing pressure, as expected and proposed in Chapter 2.

For the second device, the current change with pressure is similar at -5 and +5 V,
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6.4 Pressure measurement results

as can be extracted from the Id-Vg sweeps. For a further analysis of the measured
data, the change at Vtg = -5 V is selected. Close-ups of the Id-Vg curves at the
different pressure levels are shown in Figure 6.10 (a) for device 125-X2Y1_07-08
and Figure 6.10 (b) for device 125-X1Y2_09-10, respectively. For clarity, in both
cases only the backward sweeps (i.e. when the top gate voltage is decreased) are
shown.
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Figure 6.10: (a) Close-up of the backward sweeps of device 125-X2Y1_07-08
around Vtg = -5 V. (b) Close-up of the backward sweeps of device
125-X1Y2_09-10 around Vtg = -5 V.

Figures 6.11 (a) and (b) show the extracted current values at Vtg = -5 V for
device 125-X2Y1_07-08 and 125-X1Y2_09-10, respectively. The current exhibits
a clear opposing progression to the pressure in the chamber, which is expected
based on the transfer characteristics. In both cases there is a drift of the baseline
current observable, indicated by the dashed arrows. If the current readout is done
at positive Vtg (e.g. +5 V), the drift of the current is in the opposite direction. This
indicates that during the experiment the location on the original transfer charac-
teristic is slightly shifted towards lower gate voltages. This might be caused by
trapped negative charges, which increase the overall negative potential experi-
enced by the CNFET. If that is the case, applying the gate voltage in the form of
alternating pulses might counteract the drift by reducing charge trap effects [106].
However, for a complete analysis of the behavior of the drift, more experiments
are required.

For further analysis of the signal, this baseline drift is corrected by subtracting
the linear regression. Moreover, the current values obtained for each pressure
level are averaged to improve the signal. As mentioned earlier, only the sweeps
under stable chamber pressure are considered. The corrected averaged current
values of both devices dependent on the chamber pressure are depicted in Fig-
ure 6.12. In both cases, a distinct decrease of Id with p can be detected. Note that
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Figure 6.11: Measured current values at Vtg = -5 V for each sweep of (a) device
125-X2Y1_07-08 and (b) device 125-X1Y2_09-10. It is clearly discern-
ible how the extracted current decreases with increasing pressure, as
well as exhibits a small baseline drift.

the current of device 125-X1Y2_09-10 (red squares) is plotted on the secondary
axis. The signal is evaluated more in detail in Chapter 7.
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Figure 6.12: Averaged values of the current at Vtg = -5 V corrected for
baseline drift and plotted versus the chamber pressure. Device
125-X1Y2_09-10 is plotted on the secondary axis.

In order to verify that the signal change is indeed resulting from the increased
pressure and is not due to the gas flow, a counter experiment is performed with
open outlet valve while the flow settings are kept as in the above mentioned case.
The results show no change in the Id-Vg curves even at high flow rates of 1000
sccm, because the pressure in the chamber only increases marginally. The results
of this measurement are provided in Appendix E.
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6.4 Pressure measurement results

6.4.2 Constant bias technique

The previously discussed continuous sweep technique has the drawback of long
acquisition times and suffers from a drift that needs to be corrected for. A dif-
ferent way of measuring the signal changes due to pressure is to apply constant
bias conditions on source, drain as well as back and top gate and record the res-
ulting Id over time. Based on the considerations above, a working point is pre-
ferred where a large change in the current due to variations of the gate coupling
is expected. Therefore, device 125-X2Y1_07-08 is measured under constant bias
conditions with the top gate voltage set to -5 V.

Id @ VTG = -5 V 

4th order fit 

Pressure 

II I 

III IV 

Figure 6.13: Measurement results of the constant bias experiment show clear
peaks at the locations of the pressure spikes, but the signal exhibits a
strong drift. Device 125-X2Y1_07-08.

As shown in Figure 6.13, the measured current exhibits peaks at the locations
of the pressure spikes. However, the signal suffers from a strong baseline drift.
The reason for the drift in current is believed to be caused by the filling of negat-
ive charge traps under constant negative bias. This leads to an increased screen-
ing of the gate potential by these charge traps, and as a consequence the gate
voltage is less efficiently coupled to the tube [117]. Since a constant negative bias
is applied, the charges will not be removed from the traps. Voltage pulses of al-
ternating polarity might improve the results in this measurement technique as
well [106]. Although the current is monotonically increasing, an exact expression
for the baseline drift cannot be determined. The current increase seems to be
more pronounced when the pressure peaks are created in the chamber (domains
II and IV in Figure 6.13). In contrast, when the chamber is at atmospheric pres-
sure (domains I and III), the baseline current increases less. It is supposed that
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this behavior might also be explained in terms of gate coupling and charging of
traps. At increased pressure levels the applied -5 V are coupled more efficiently
(hence the downward peaks in the measured current), but at the same time the
filling of charge traps might be enhanced.

In order to correct for this baseline drift, the signal at atmospheric pressure is
approximated by a 4th order polynomial (dashed line in Figure 6.13). Subtracting
these values from the measured Id results in the effective peak heights displayed
in Figure 6.14. It is possible to roughly relate the magnitude of the current peaks
to the applied pressure. This is for example visible for the first 5 pressure spikes,
marked with (i), where the current peaks follow the same trend as the applied
pressure (indicated by the dashed line as guide to the eye).
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Figure 6.14: Current of the constant bias measurement corrected for baseline drift.
Device 125-X2Y1_07-08.

In some cases however, the same pressure input leads to significantly different
peak currents, as for example at the location marked with (ii). It looks as if at this
point the baseline current experiences a sudden jump, which also influences the
depth of the peak current. Due to the low frequency noise in the baseline current,
however, it is hard to account for that in the signal analysis. For an accurate
quantification of the output signal a more stable background current is required.

The measured current values of the constant bias experiments, corrected for
the baseline drift, are plotted versus the chamber pressure in Figure 6.15 (blue
diamonds). For comparison, the results obtained by the continuous sweep exper-
iment are shown by the red squares. It can be observed that the constant bias
measurement yields a slightly different sensitivity, as well as current values of a
different magnitude. This might be explained with the increased filling of charge
traps during constant bias experiments. Due to the constant gating at Vtg = -5 V,
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the current modulation might occur at a different location on the Id-Vg curve.

Figure 6.15: Measured current in dependence of the chamber pressure for the con-
tinuous sweep technique (red squares) and the constant bias tech-
nique (blue diamonds). Device 125-X2Y1_07-08.

6.5 Conclusion of the chapter

Two SGS CNFETs were tested for their modulation of the transistor current upon
applying pressures in the range of 1 - 2 bar. Both devices showed a contraction
of the Id-Vg curve at higher pressures, which is expected due to the increased
coupling as the gap is reduced. The current at Vtg = -5 V, recorded either by con-
tinuously sweeping the top gate voltage or by applying a constant bias, showed
a distinct reduction with applied pressure in both devices. This proves the applic-
ability of the proposed concept for suspended CNFETs employing SGS SWNTs.
A more detailed evaluation of the obtained results is given in Chapter 7.

97





7 Discussion

In this chapter, the performance of the two measured devices is discussed with
a focus on the measurements on device 125-X2Y1_07-08. The measured currents
for higher pressures are compared with expected values based on the electrostatic
simulations. The sensor performance is evaluated critically, and the obtained sig-
nal is compared with the state-of-the-art presented in Chapter 2. Finally, options
for improving the signal are proposed.

7.1 Comparison with expected changes

This section quantitatively compares the measured signal of device
125-X2Y1_07-08 with the values expected based on the Id-Vg curve at atmo-
spheric pressure and the change of coupling determined from the electrostatic
simulations. For that purpose, the AFM force-deflection curve of Figure 6.2 is
used to estimate the gap at the applied pressure levels during the measurement.
The coupling coefficients at these gaps are determined by interpolating between
the simulated values of 80 nm and 60 nm gap (and extrapolating for the case
of g = 82 nm at atmospheric pressure). This is demonstrated in Figure 7.1 (a),
which shows a close-up of Figure 6.5 for the relevant gap range. These values of
KSGS are then used to relate the obtained ΦSWNT for Vtg = -5 V at higher pressures
to a corresponding voltage Vtg,1bar at atmospheric pressure. This corresponding
voltage is calculated according to

Vtg,1bar(p) =
KSGS(p)

KSGS(1 bar)
· (−5V) (7.1)

Based on the transfer characteristics of the CNFET at 1 bar pressure (see Fig-
ure 6.6), a close-up of which is given in Figure 7.1 (b), the expected drain current
is derived. An overview of all these determined values is given in Table 7.1, and
the estimation of the source-drain current is plotted together with the actually
measured signal in Figure 7.1 (c).

While for lower pressures the measurement matches the expected values very
well, for the pressure levels 5 and 6 (p > 1.9 bar) the signal starts to deviate from
the estimations. There are several possible explanations for this observation:
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Figure 7.1: (a) Estimated KSGS for the investigated pressure levels based electro-
static simulations. (b) Expected currents resulting from the change in
coupling. (c) Comparison of estimated and measured currents for the
pressure measurements on device 125-X2Y1_07-08.

Table 7.1: Summary of the expected current change for device 125-X2Y1_07-08.
Please refer to the text for an explanation how the values of the para-
meters are determined.

Level p (bar) F (nN) δ (nm) g (nm) KSGS (%) V tg,1bar (V) Id (µA)

1 1 0 0 82 21.3 -5 1.181

2 1.2 84 4 78 22.3 -5.22 1.164

3 1.42 175 7 75 23 -5.39 1.147

4 1.66 275 10 72 23.7 -5.55 1.133

5 1.93 390 13 69 24.4 -5.72 1.117

6 2.23 520 15 67 24.9 -5.83 1.105
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7.1 Comparison with expected changes

• Electrostatic forces: The influence of the electrostatic force Fel on the dia-
phragm deflection has been neglected in this estimation. This simplified
assumption is only allowed if Fel is similar for all the pressure levels or sig-
nificantly lower than the force due to the pressure. Therefore, an estimation
on the magnitude of Fel during the continuous sweep measurement is given
in the following. Figure 7.2 shows the electrostatic forces as a function of
the applied top gate voltage calculated according to [118]

Fel =
V2

tg

2
· ε0 A
(g + tALD

εr,ALD
+ toxide

εr,oxide
)2

(7.2)

For this estimation, the structure has been simplified to a series of three
parallel plate capacitors with a circular electrode of Relec = 2 µm. Under
atmospheric pressure (g = 82 nm, blue solid curve in Figure 7.2) and at Vtg = -
5 V, the electrostatic force amounts to ∼120 nN, which means the influence
is not negligible. It is expected that Fel actually pulls the diaphragm several
nm towards the channel during the gate voltage sweep. As the gap gets
smaller due to the higher pressure, this electrostatic force increases as well.
The green dashed curve in Figure 7.2 represents Fel for a g = 67 nm, which
corresponds to the expected gap under 2.2 bar pressure. At Vtg = -5 V, the
electrostatic force is ∼35% higher than at atmospheric pressure.

Vtg 

CALD 

Cair(g) 

Coxide 

g 

g 

g 

Figure 7.2: Electrostatic forces calculated for a parallel plate capacitor with
Relec = 2 µm. The corrugations of the real devices are not incorpor-
ated into this estimation.
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Moreover, as the diaphragm deflects due to Fel, the gap reduction is fed
back leading to an increasing electrostatic force, resulting in an additional
amplification of the deflection. For a more accurate estimation of the impact
of this effect, however, a combined electrical and mechanical model would
be required.

• Inaccuracies in the electrostatic model: The SWNT is excluded from the
model in the electrostatic simulations. In reality, the effective potential Φtot

at the SWNT is

Φtot = Φext −Φind (7.3)

where Φext is the external (electrostatic) potential and Φind is the potential
induced by the tube. Excluding the SWNT from the simulations is based
on the assumption that Φind is either negligible or independent of the gap
(i.e. the same for all pressures). However, this is not necessarily the case,
but Φind might be smaller for smaller gaps.

Additionally, the simulations are done with a simplified 2D model, repres-
enting the cross section along the SWNT. Therefore, the circular structure
of the top gate is not taken into account. Moreover, the deflection of the
diaphragm is approximated by a parallel gap reduction, whereas in the real
case the diaphragm will deflect rather in a parabolic shape. Therefore, the
extracted values for KSGS might not be perfectly accurate.

• Quantification of the deflection: The estimations of the gap might not be
accurate for higher pressures. The quantification of the gap is done using
the force-deflection curve, and it is assumed that the applied pressure is
proportional to the force. No exact measurement of the gap at the different
pressure levels could be conducted, which would be required for an exact
quantification.

7.2 Discussion of sensor performance

7.2.1 Signal and noise

The measurement results of the continuous sweep experiments of the two devices
are analyzed further to evaluate the sensor performance. Figure 7.3 (a) shows
the signal change relative to the initial signal at atmospheric pressure versus
the applied pressure for both investigated devices. For device 125-X2Y1_07-08,
the current at the maximum pressure of 2.2 bar is 10.9% lower than at atmo-
spheric pressure, corresponding to a dimensionless sensitivity of 8.9%/bar. In
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7.2 Discussion of sensor performance

device 125-X1Y2_09-10 the dimensionless sensitivity is significantly higher with
16.4%/bar. The higher sensitivity might be related to the transfer characteristic
as well as to the lower diaphragm stiffness of device 125-X1Y2_09-10, due to the
smaller top gate electrode radius. However, no mechanical characterization of
the diaphragm was performed for this device.

The measurement points are obtained by averaging the determined current
values of 8 sweeps (device 125-X2Y1_07-08) and 15 sweeps (device 125-X1Y2_09-
10), respectively. In order to quantify the signal quality, the signal-to-noise ratio
of the two devices is determined according to

SNR =
µ

σ
(7.4)

where µ and σ are the mean values and standard deviations of the signal. The
SNR values determined for the different pressure steps are given in Figure 7.3 (b).
As indicated by the error bars in Figure 7.3 (a), the SNR of device 125-X2Y1_07-08
is slightly better than of device 125-X1Y2_09-10. In the former, values in the order
of 200 are obtained, while for the latter the SNR is∼150. The SNR of both devices
is good, although it has to be considered that the measured values are corrected
for baseline drift.
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Figure 7.3: Performance measures of device 125-X2Y1_07-08 (device 1) and 125-
X1Y2_09-10 (device 2). (a) Relative signal change compared to the
signal at atmospheric pressure. (b) Calculated SNR for the different
pressure levels.
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7.2.2 Drift of the signal

An issue that can be observed in the measured signals is the strong drift that
the current exhibits. This drift is particularly striking in the constant bias exper-
iments, but it is also present in the continuous sweep method. In the analysis
of the measured data this can be corrected, since the exact pressure is known
through the reference pressure sensor. The baseline drift, however, makes the
use in real applications impossible. Therefore, a solution needs to be found that
reduces this drift. For this purpose, more experimental data is required to determ-
ine the origin and define measurement strategies that might result in a reduced
baseline drift. Improved fabrication conditions may also influence the sensor per-
formance in that perspective.

7.2.3 Comparison with the state-of-the-art

Figure 7.4 shows how the sensor performs in comparison with the devices sum-
marized in Table 2.1. The normalized sensitivity S0 is taken as the comparison
value and plotted versus the area of the diaphragm in Figure 7.4. This evalu-
ation shows a good positioning of the sensor performance. The presented devices
show similar sensitivities to other work, and surpasses the state-of-the-art in size
by one order of magnitude and more. This is remarkable since the design and
fabrication process still offers room for improvement of the signal, as discussed
in the next section.
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Figure 7.4: Positioning of the sensor performance in terms of normalized sensitiv-
ity versus diaphragm area.
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7.3 Signal improvement

7.3 Signal improvement

The devices were tested in the pressure range of 1 - 2 bar. The obtained sensitivity
might not be sufficient for certain applications, but there are options how the
sensitivity could be improved. Some of these possibilities are discussed in this
section.

7.3.1 Mechanical sensitivity enhancement

Although the sensitivity of the first devices is remarkable, there is still room for
enhancing the obtained signals by improving the mechanical sensitivity of the
diaphragms. This could be approached by various means:

• Size increase: As shown by simulations and experiments, the deflection
of the diaphragms significantly increases with bigger radii. The presen-
ted devices are smaller than the state-of-the-art, and would still be if the
radius was doubled. However, it was refrained from employing larger dia-
phragms as not to compromise too much on the fundamental goal of this
work being the exploitation of ultimate size reduction.

• Thickness reduction: The currently incorporated 30 nm film thickness
might be still reduced. It is important that the diaphragm layer is imper-
meable to gas, a property which ALD Al2O3 provides even at lower thick-
nesses.

• Top gate: The current fabrication process results in quite thick top gate film
thicknesses. Reliable coating of the sidewalls by evaporation is only pos-
sible by tilting the sample. The thickness of the top gate could be decreased
by separating the deposition of the electrode from the deposition of the
leads across the sidewalls. Alternatively, different deposition techniques
might allow a more conformal coating and hence thinner top gate film.

• Cleanliness: The diaphragms exhibit considerable topographical impurit-
ies, probably resulting from contamination at different process steps. Due
to the conformal coating of ALD, any impurity is transferred into the dia-
phragm layer. Optimization of the process parameters and cleaning steps
might reduce these impurities.

• Corrugation: The location of the diaphragms on top of the contacts results
in an increased stiffness. Although in the proposed device architecture such
corrugations in the diaphragm layer cannot be avoided, they might be re-
duced by decreasing the thickness of the contacts.
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7 Discussion

• Residual stress: As shown by simulations and through the fabrication of
diaphragms on quartz substrates, the residual stress in the ALD has a con-
siderable influence on the mechanical properties of the diaphragm. If by
any means σres can be reduced, the mechanical sensitivity of the structures
will increase.

7.3.2 Semiconducting CNFETs

The dependence of the output signal on the device transfer characteristic could
be particularly interesting if semiconducting devices are considered. In CNFETs
based on SGS SWNTs, as the devices presented here, the current exhibits relat-
ively small modulation with the applied gate voltage. Semiconducting devices
not only exhibit significantly higher on/off-ratios (typically several orders of
magnitude), but the current rises exponentially within a certain Vg range. Exploit-
ing this subthreshold regime as analysis point might allow for a drastic increase
in sensitivity. However, the noise in the subthreshold regime has to be considered
carefully.

Due to the limited amount of devices, no semiconducting CNFETs could be
tested in the course of this work. The inherently different transport mechanism
in semiconducting CNFETs require the establishment of an extended model in
order to estimate the influence of gap variations on the current. In particular, the
transport is mainly determined by the Schottky barriers (see Chapter 2).

7.3.3 Different device architecture

The proposed device architecture might be improved with respect to the place-
ment of the diaphragm on the CNFET. The architecture was designed in such a
way that the diaphragm deflection affects both semiconducting CNFETs (by the
modulation of the Schottky barrier) and SGS CNFETs (through the coupling at
the center of the SWNT channel). For the case of a semiconducting CNFET, the
effect on the Schottky barrier might be increased by placing the diaphragm on
top of the contact (see Figure 7.5 (a)), such that the maximum deflection (in the
center of the diaphragm) occurs at the location of the SWNT-metal interface.

On the other hand, for SGS devices, the modulation in the center of the SWNT
does not require the top gate to be on top of the contacts. This allows to place
the diaphragm in the center of the CNFET channel (Figure 7.5 (b)), where it will
not exhibit the corrugations due to the underlying contacts, as it is the case in
the here presented devices. However, this design requires significantly longer
channels, i.e. longer SWNTs, which would also lead to higher device resistances.
Additionally, the requirement of longer tubes makes the selection process more
difficult.
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7.4 Conclusion of the chapter

In both cases, the contacts that are not located underneath the suspended top
gate could be equipped with a static contact gate (CG). This would allow con-
trolling the Schottky barriers at the respective contact separately, if necessary.
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Figure 7.5: Options for performance improvement by design variations. (a) The
diaphragm could be located on top of one contact, while the other
contact is equipped with a static contact gate (CG). (b) This design
consists of a longer channel, where the diaphragm in the center is not
covering the contacts. In that case, both contacts can be equipped with
a contact gate.

7.4 Conclusion of the chapter

The tested devices show a very distinct modulation of the current with chan-
ging pressure. Despite the small radius of 3 µm, and therefore the small res-
ulting deflections, the devices exhibit a normalized sensitivity of ∼0.09/bar and
∼0.16/bar, respectively. This is comparable to the performance reported by other
groups. With respect to the area consumed by the diaphragm, the state-of-the-art
is surpassed by 1 - 2 orders of magnitude. Due to the low source-drain voltage
(20 mV) and the low transistor current (∼1.5 µA), the sensor operates at an ultra-
low power consumption of 30 nW.
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8 Conclusion

In this thesis, the option of reducing the size of a pressure sensor was exploited.
The sensor concept is based on the modulation of the electrical transport in a
carbon nanotube field-effect transistor by a suspended gate located on top of a
diaphragm. In the proposed working principle, the deflection of the diaphragm
with the top gate, which depends on the ambient pressure, influences the cur-
rent flowing through the CNFET. Suitable dimensions of the diaphragms were
determined by finite element simulations of the mechanical structures.

A surface micromachining process for the fabrication of ultra-small thin film
diaphragms was developed. The fabrication is based on a silicon sacrificial layer,
which is eventually etched by XeF2, and ALD Al2O3 as the diaphragm material.
The diaphragms were improved with respect to the control of the residual stress
in the thin film. This was achieved by matching the tensile intrinsic stress with
compressive thermal stress on quartz substrates. Virtually stress-free ALD dia-
phragms on quartz were fabricated at 180◦C deposition temperature. A sealing
process, based on the local deposition of the sealing material at the location of
the access holes for release etch, was proposed and successfully implemented.
By depositing 1.7 µm Al, the structures were efficiently sealed under vacuum.

The existing CNFET fabrication process was extended by integrating the dia-
phragms on top of contacted SWNTs. The fabrication of CNFETs was done using
SEM to localize the SWNTs, which allows reducing the time consumption for the
creation of a SWNT map significantly. A procedure for the selective removal of
excess SWNTs was included into the process of SWNT contacting. Applying the
improved procedure, high quality CNFETs at a good yield could be fabricated in
relatively short time.

The electrical properties of the devices were observed during fabrication to test
the compatibility of the additional process steps with the CNFETs. Suspended
gate CNFETs were successfully fabricated, which could be operated by top gate
or back gate. A change in current upon deflection of the diaphragm with an AFM
was shown, proving the concept of current modulation by gap variation.

Finally, two SGS devices were tested for the pressure dependence of their trans-
fer characteristics. A distinct change in gate coupling and therefore of the meas-
ured current was detected for pressures between 1 and 2.2 bar. A relative signal
change of ∼9% and 16%/bar was determined for the two devices, respectively.
This is, to the author’s best knowledge, the first demonstration of CNFET-based
pressure measurements using a suspended gate architecture. The obtained nor-
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8 Conclusion

malized sensitivities and the small size of the diaphragm (3 µm radius) result in
a good positioning of the device within the state-of-the-art of ultra-small MEMS
pressure sensor. With currents in the order of 1.5 µA at a source drain bias of
20 mV, the power consumption of the device accounts to ∼30 nW.

8.1 Outlook

Due to the time consuming process development, only a very limited number of
devices could be successfully tested. It is therefore essential that more sensors
can be fabricated to validate the obtained results.

More experimental data is needed to be able to quantify the transport through
the CNFETs. The exact mechanisms determining Id in SGS SWNTs and how it is
influenced by the variation in the gap between the top gate and the SWNT is not
accurately quantified. Devices based on semiconducting SWNTs might provide a
significantly enhanced sensor signal. In the course of this work, no semiconduct-
ing CNFET could be successfully measured for pressure dependence.

Several measures could be undertaken to increase the mechanical sensitivity of
the diaphragms. This includes both redesign of the structures and improvement
of the fabrication process. Additionally, the experimental procedure for the pres-
sure measurements might offer room for improvement. The applied continuous
sweep method, which showed good results in terms of SNR, is very time con-
suming. Moreover, the sensor operation needs to be improved in terms of signal
drift.

Additionally to the measurements at increased pressure, the sensor could also
be operated at pressures below 1 bar. In that case the diaphragm deflection would
be reduced leading to a decrease in coupling. In order to test the low pressure
behavior, a dedicated test setup needs to be developed.

Eventually, the sensor needs to be thoroughly characterized in terms of sensit-
ivity, resolution and cross-sensitivity (e.g. to temperature changes).
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Appendices

A Electronic transport in semiconducting CNFETs

This section gives a more detailed description on the electronic transport in semi-
conducting CNFETs, using the exemplary situation described in Chapter 2. Fig-
ure 1 (a) shows the band diagram for an intrinsic nanotube and a metal with
a certain work function φm. The energy levels of the conduction and valence
bands, EC and EV, are determined by the electron affinity X and the band gap
Eg of the nanotube. When the two materials are brought into contact, the Fermi
level in the bulk of the nanotube (EI located in the middle of the band gap for an
undoped SWNT) adjusts to the Fermi energy EF of the contact metal. At the inter-
face, the initial positions of EV and EC are maintained, which leads to Schottky
barriers at the contacts. The Schottky barrier heights are denoted as Φe

SB and Φh
SB

for electrons and holes, respectively. As depicted in Figure 1 (b), the height of
both Schottky barriers is determined by Φm, and in this example Φe

SB > Φh
SB. One

important note is that under these conditions, the actual barrier on the hole side
is Φh

B = Eg/2. For electrons, this actual barrier is equal to Φe
SB because no addi-

tional barrier is imposed due to band bending. Since the Fermi level lies within
the band gap of the SWNT, the CNFET is in the off-state.
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Figure 1: (a) Isolated band structures of a semiconducting SWNT (left) and a
metal contact (right). (b) Upon contacting, the Fermi level of the tube
adjusts to EF of the metal, resulting in Schottky barriers for electrons
(Φe

SB) and holes (Φh
SB).

Applying a gate voltage Vg changes the barriers encountered by the holes and
electrons for travelling from source to drain or vice versa. In particular, the elec-
tric field created by applying a negative Vg raises the barriers for electrons, while
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a positive voltage lowers it [119]. For the following discussion only the hole cur-
rent Ih

d is considered, but the same concepts also apply to the electron current.
A positive Vg bends the bands further down thus increasing Φh

B, as shown
in Figure 2 (a). In this situation, as the valence band is lower than in the flat
band condition (and therefore Φh

B > Φh
SB), thermionic emission over Φh

B is the
only contribution to Ih

d. Carriers possessing an energy larger than Φh
B can be

injected into the channel and therefore only carriers of the high energy Fermi
tail contribute to Id. The current in that case is an exponential function of the
potential barrier [40].

Ih,off
d ∼ exp(−Φh

B/kBT) (1)

Because in the off-state Φh
B depends linearly on the applied gate voltage, the cur-

rent increases exponentially with Vg [40]. Therefore, the increase of thermionic
emission with respect to the gate voltage can be characterized using the inverse
subthreshold slope Soff defined as

Soff = log(∂Id/∂Vg × 1/Id)
−1 (2)

If perfect gate coupling can be achieved, Soff at room temperature equals to
60 mV/dec, which has been approximated experimentally [120]. In this regime
the CNFET operates similar to conventional MOSFETs.
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Figure 2: (a) Applying positive gate voltages pushed the bands further down,
thus increasing Φh

B. In this situation the only contribution to hole cur-
rent is thermionic emission. (b) Applying a negative voltage above Vth
leads to alignment of the valence band with EF. The current is domin-
ated by hole tunneling through the Schottky barrier.

On the other hand, a negative gate voltage shifts the bands upwards, and as flat
band conditions are reached Φh

B remains constant at Φh
SB, resulting in a constant

thermionic emission current. Increasing the negative gate voltage further gives
rise to a tunneling current contribution to Id. Two quantities are important to
characterize the tunneling current in this situation [40]:
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• The screening length λ, which denotes the length scale at which the gate
voltage is screened from the contacts, and therefore the band bending oc-
curs, as indicated in Figure 2 (b). This length scale depends on the device
structure, the properties and thickness of the dielectric layers and the height
of the nanotube channel. Typical values for λ are in the order of 100s of nm,
and it has been reported that in the depleted state the band bending can
extend microns into the SWNT channel [121].

• The tunneling distance dtunnel, which is the distance carriers can tunnel
through a barrier. Therefore, for estimating the tunneling current, not the
actual Schottky barrier height is considered, but the effective Schottky bar-
rier height Φeff

SB, which is the potential barrier dtunnel away from the contact.
For clarification, this is depicted in the close-up in Figure 2 (b).

Because the Schottky barrier imposes an additional limitation for the carrier
injection into the SWNT, the current increases exponentially with a lower sub-
threshold slope than in the case of thermionic emission [39]. The subthreshold
slope in that case can be expressed by [40]

S =
kBT

q
ln(10)

1
1− exp(−dtunnel/λ)

(3)

If the gate voltage exceeds Vth, the valence band is aligned with the Fermi
level (EV = EF) as in the situation in Figure 2 (b). Further increasing the gate
voltage thins down the Schottky barrier, while the effect of the voltage on the
bulk SWNT is reduced due to screening of Vg by carriers in the channel. As soon
as the threshold voltage is surpassed, the exponential relation between current in-
crease and gate voltage does no longer apply due to scattering [40]. The current
rises rather linearly with the applied Vg.

At some gate voltage the Schottky barrier gets virtually transparent for the
carriers, and the linear increase in current stops. At this point the slope of the
Id-Vg curve is strongly reduced. However, the on-state current does not saturate
but may increase further as more subbands are pushed above the Fermi level and
thus contribute to the transport [39].

On the other hand, when applying large positive gate voltages, the conduction
band may be shifted below the Fermi level, as depicted in Figure 3 (a). In that
case, the transport is dominated by electron tunneling through Φe

SB while the in-
jection of holes is suppressed. The resulting current is the n-branch of the CNFET
transfer curve. An exemplary transfer characteristic of a p-type semiconducting
CNFET is sketched in Figure 3 (b), where the transport regimes described above
are indicated and the current axis is shown in a logarithmic scale. In domain (i),
thermionic emission is the only contribution to the current, while in regime (ii)
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Figure 3: (a) Band structure for high positive gate voltages. The conduction
band is pushed below the Fermi level, turning the device n-branch
on. (b) Exemplary transfer characteristic of a p-type semiconducting
CNFET. Note that the current axis is displayed in a logarithmic scale.

the tunneling current dominates. In the on-state (domain (iii)) the current does
no longer increase exponentially with the applied gate voltage.
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B Experiments on quartz substrates

SWNT growth on quartz substrates

Employing quartz substrates was motivated by reports of aligned SWNT growth
by several groups [105, 122]. Key step towards aligned tubes on quartz is a sub-
strate annealing prior to growth [123]. An SEM image of tubes grown without an-
nealing is shown in Figure 4 (a). In this case, almost exclusively curvy tubes with
no preferential alignment direction are observed, which indicates small SWNT
diameters. Adding an annealing step prior to ferritin adsorption has a significant
impact on the tube growth direction. As shown in Figure 4 (b), the SWNTs align
along the x-direction of the quartz substrate (indicated by the white arrow). The
annealing step is carried out in air at atmospheric pressure for 3 hours at 850◦C.

20 mm 

(a) (b) 

x-axis 

x-axis 20 mm 

Figure 4: SEM images characterizing the SWNT growth on quartz substrates.
(a) Without annealing the resulting tubes are exclusively curvy. (b) Pre-
annealing of the quartz substrate leads to SWNT alignment along the
x-direction (indicated by the white arrow).

AFM images of the aligned SWNTs confirm the hypothesis extracted from the
SEM pictures that SWNT diameters on quartz substrates are smaller than on
Si/SiO2. As shown in Figure 5, the diameters are in the order of 1 nm. Diamet-
ers of similarly synthesized SWNTs reported on quartz substrates were around
1.2 nm [124] and 1 nm [125].1 Another feature that becomes evident from the
AFM images is that the substrate does not exhibit topographic nanosteps as has
been reported in the case of miscut sapphire wafers [126]. Rather a preferential
alignment along the x-direction can be explained with anisotropic van der Waals

1In this work the catalyst nanoparticles were based on an iron thin film.
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interactions between the SWNT and surface atoms [127]. Additionally it is ob-
served that the effect of the annealing is not permanent. When the growth is not
performed directly after annealing, no alignment of the SWNTs can be observed.1
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Figure 5: (a) AFM image of aligned SWNTs on quartz. (b) The cross sections at
the indicated locations show tube diameters in the order of 1 nm.

CNFET fabrication on quartz substrates

The fabrication of devices on quartz suffered from a very low yield. This is in
striking contrast to fabrication on silicon substrates, where typically the yield of
CNFETs produced by the described EBL approach was close to 100%. In order to
get more information on the status of the devices during fabrication, the contac-
ted SWNTs are electrically characterized at different process steps. Quartz sub-
strates do not provide the option to be used as back gates, and therefore no tran-
sistor curve can be measured until the top gate electrodes are deposited. There-
fore, Id-Vd curves are measured to observe the functionality of the SWNTs. Note
that without field control by a gate, the device resistance is not quantitatively
meaningful, as the gate voltage on the transistor curve is indeterminate.

Figure 6 shows a representative selection of measured devices after contact-
ing and passivation of the carbon nanotubes, corresponding to Figure 5.1 (d) in
the process flow. Three of the four contacted SWNTs show a distinct relation
between Id and Vd. The blue curve represents a non-functional device, where
the measured current is essentially zero irrespective of the applied source-drain
voltage. This can be clearly detected in the logarithmic scale inset, where the
measured current values are distributed around the measurement resolution of
10−4 nA. Measurements of the same devices at a later point show that some of
the previously working devices are no longer functional (Figure 7). This is par-

1No detailed study on the reversibility time constants was performed, but a growth one day after
annealing did not show the desired results of aligned tubes.
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Figure 6: Id-Vd sweeps of four contacted SWNTs on the same chip. The blue curve
indicates a non-working device, while the other three curves show a
distinct increase in current with applied voltage.

ticularly surprising because no processing was performed between the two situ-
ations presented in Figures 6 and 7. Two possible reasons for the failure may be
degradation or handling.

Degradation of CNFETs and in particular of the SWNT-metal contacts has
been identified to strongly affect unpassivated devices [26]. However, the
devices presented here are all fully passivated, which was shown to provide
long-term stability of the transistor curves. Moreover, the devices do not exhibit
a steady decrease over a certain period of time, which would be a characteristic
of degradation. The low yield is therefore believed to arise from handling the
samples. A possibility would be that there is a charge built up at the pads on
the quartz substrates, either caused by external influences or by the insulating
properties and the piezoelectric nature of single-crystal quartz. Large charge
accumulations might result in voltage differences between the source and drain
pads, which could eventually equalize resulting in a high peak current flowing
through the SWNT. It has been reported that the current leading to electrical
breakdown is in the order of 20 µA and 3 - 6 µA for SGS and semiconducting
SWNTs, respectively [128].

Based on the findings from the yield investigations, a method is proposed to
prevent electrical breakdown of the SWNTs during fabrication and handling. The
main feature is a protective gold lead integrated in the mask of the contact pads.
This can be seen in the Figure 8 (a), where a microscope picture of a device after
completing the fabrication process is shown. This device is fabricated using the
alternative design II introduced in Chapter 7, and therefore contains a CNFET
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Figure 7: Two out of the three working devices shown in Figure 6 died due to
handling.

with a channel length of 4 µm and the diaphragm located on top of the source
contact. The close-up in Figure 8 (b), taken after contacting and passivation of
the SWNT, helps for clarification of the specific contact scheme. The lower con-
tact leads connect the center part (green) of the SWNT to the pads labelled by
S and D. These serve as source and drain pads in the finalized device and are
connected during processing. The pads S? and D? and the corresponding con-
tacts to the SWNT are supplementary electrodes for monitoring purpose. Due to
the connection between S and D, the initial functionality of the device cannot be
tested using these electrodes, because the Id-Vd current flows mainly through the
protection lead. Using the outer segments (blue and red), the initial functionality
of the SWNT can be verified.

The electrical breakdown of the unprotected SWNT segments is confirmed by
measuring the current between S and S? as well as between D and D? before
and after the integration of the diaphragm and top gate (Figure 8 (c)). The Id-Vd
curves taken after contacting (dotted lines) verify the functionality of the SWNT
in the outer segments, implying that also a working center segment can be ex-
pected. After finalizing the device fabrication, both outer segments do no longer
work electrically.

Before disrupting the protective lead between S and D, the chip is die and wire
bonded. This enables easy handling of the package and prevents negative effects
from chip handling with disconnected pads. The Id-Vd measurement of the cen-
ter segment, depicted in Figure 8 (d), shows that the device functionality can be
retained. This consolidates the hypothesis that the failure of the devices is caused
by electrical breakdown during handling and fabrication, which can be preven-
ted by the protective lead.
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Figure 8: Breakdown prevention of the SWNT center segment by connecting the
source and drain pads during fabrication. (a) Microscope image of the
device with pads after completed fabrication. (b) Close-up of the cen-
ter area with the three SWNT segments. (c) Id-Vd curves of the outer
SWNT segments before and after integration of the diaphragm and top
gate. (d) Id-Vd curve of the center segment, proving the effectiveness of
the protective lead. Sample Q46, device RM.

A microscope image of the device after breaking the protective lead is shown in
Figure 9 (a). The connection is destroyed by scratching with a probe needle at the
location indicated by the dashed circle. Figure 9 (b) shows the Id-Vg curve using
500 mV source drain bias. The on-state resistance of this device is in the order of
10 MΩ, which is ∼2 orders of magnitude higher than for devices on silicon with
the same channel length. A difference in the process flow compared to devices
on silicon is that no protective Al2O3 layer is applied. Therefore, the SWNTs
and contacts are more prone to contamination by resist residues. However, the
contamination cannot account for such a drastic increase in resistance. The main
reason for the high on-state resistance is believed to be the small diameter of the
employed SWNTs. On one hand this results in a larger band gap than for bigger
tubes, on the other hand higher contact and channel resistances are expected.
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Figure 9: (a) Breaking of the protective connection after wire bonding.
(b) CNFET signal obtained from the device on quartz. Sample Q46,
device RM.

The fabrication of carbon nanotube transistors on quartz substrates has been re-
ported before, However, most groups employ arrays of aligned tubes [129]. Such
arrays typically contain tube densities of∼5 tubes/µm [130, 131] and the channel
therefore may consist of tens of SWNTs. This means on one hand, since the tubes
are carrying the current in a parallel configuration, the current density per tube
is reduced. On the other hand, the device is still operational as long as not all
SWNTs are damaged due to breakdown.

The findings obtained by the fabrication of CNFETs on quartz triggered the
strategy for future devices to focus on silicon substrates for the development of
the suspended gate CNFETs and the proving of the proposed working principle.
Devices on silicon surpass the ones on quartz in terms of yield, fabrication effort
as well as electrical performance significantly.
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C CNFET operation with floating back gate

Figure 10 demonstrates how a floating back gate may influence the measured
signal. In this experiment, a top gate pad is contacted that does not possess a
connection to the top gate of the measured device (referred to as wrong pad).
A microscope image of the device is shown in Figure 10 (a), where the pad la-
belled TG denotes the correct top gate pad. A schematic representation of the
relevant capacitances and an equivalent circuit are shown in Figures 10 (b) and
(c), respectively. The dashed blue and solid red curves in Figure 10 (d) show the
measurements of the CNFET if the correct pad of the top gate or a wrong one is
contacted. This means that in the latter case, the observed current modulation
in the Id-Vg curve stems from the voltage which is capacitively coupled to the
back gate. If the influence from the floating back gate were negligible, no current
modulation but a constant Id would be observed.
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Figure 10: (a) Microscope image of the tested device, indicating the correct top
gate pad. (b) Schematic of the present capacitances. (c) Equival-
ent circuit allowing to estimate Vbg if all capacitances are known.
(d) Influence of floating back gate, which results in a considerable
current modulation even if the wrong top gate pad is contacted.
Device 125-X1Y1_02-03.
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D Electrical measurement during AFM diaphragm deflection

To verify that the transistor current is modulated by the deflection of the dia-
phragm, the CNFET current at constant bias conditions is recorded while deflect-
ing the diaphragm with an AFM. A schematic of the tested device is depicted in
Figure 11 (a). The diaphragm of this device is located on top of the source contact
(alternative design II). Figure 11 (b) shows a microscope image of the device and
illustrates the bias conditions during the experiment.

VS =  

100 mV 

VD =  

0 V 

VCG=  

+10 V 
VTG =   

-10 V 

AFM  BG 

(a) 

D S 

TG 

CG 

(b) AFM  2 mm 

Figure 11: (a) Schematic of the device tested by measuring the current during
AFM deflection. (b) Microscope image of the device indicating the
applied bias voltages. Sample 135-X1Y1.

An issue encountered is that the transfer characteristic after wire bonding
shows significantly inferior gate coupling compared to the situation before wire
bonding. This is illustrated in Figure 12, which shows that sweeping the gate
from -10 to +10 V after wire bonding only modulates the signal in the range of
less than ±1 V of the original Id-Vg curve. This might be attributed to a bad qual-
ity of the wire bond. During the experiment, the top gate is biased with a voltage
of -10 V.

Figure 13 shows the signal change as the diaphragm is deflected by the AFM.
The ten peaks in Id (blue diamonds) correspond each to one load cycle of the
AFM. The decrease in current is expected as the -10 V, which are applied at the
top gate, are coupled more efficiently when the top gate is closer to the SWNT
channel.

A closer look on the peaks number 3 and 4, shown in Figure 14, shows the
linear shape of the current peaks. Because the diaphragm is continuously deflec-
ted, a monotonic decrease and increase of Id is obtained. The red squares show
the gate leakage, i.e. the current flowing through the gate. Sudden jumps of ∼-2
nA from a steady background current are visible coinciding with the locations of
the Id peaks. During the acquisition of the force curve the tip is in firm contact
with the top gate. This results in a small leakage current that flows through the

122



S
o
u
rc

e-
d
ra

in
 c

u
rr

en
t 

(n
A

) 

Probe station TG 

Wire bonded TG 

Scale WB curve 

5.5% - 0.15 V 

-10 5 0 5 10 
Top gate voltage (V) 

1200 

1000 

800 

600 

400 

200 

0 

-200 

Figure 12: After wire bonding the Id-Vg curve shows significantly decreased
coupling. This might be related to a bad wire bond quality. Device
135-X1Y1_18-03.

highly resistive AFM cantilever into the ground. The sign and magnitude of this
gate leakage is determined by the applied Vtg. In the case presented, the leakage
shows almost the same current as the change in Id, which is however supposed
to be a coincidence. For peak 3, a deflection setpoint of 250 nm is chosen, whereas
the setpoint of peak 4 was 200 nm. Two side notes are necessary to assess these
values:

• The cavity height of this device is ∼200 nm instead of the usually applied
100 nm. The reason for that is that a malfunction of the quartz crystal mi-
crobalance during sacrificial layer deposition, which resulted in film thick-
nesses of twice the designed value.

• The quantification of the diaphragm deflection might not be reliable in this
case because of the high stiffness of the diaphragm, which is in the same
range as the spring constant (around 30 N/m). For an accurate determin-
ation of the deflection, the cantilever would need to be stiffer than the dia-
phragm. The high stiffness arises from the fact that the diaphragm is rather
small (R = 2 µm) and located on top of the contact. However, even without
quantification, a higher setpoint corresponds to a longer travel distance and
hence more narrowing of the gap.

It is clearly visible that peak 3 reaches lower currents than peak 4, according
to the higher force setpoint. The gate currents are practically the same for both
cases, which confirms that the gate leakage is not related to Id or to the diaphragm
deflection. This experiment proves the modulation of the current upon changing
the distance between top gate and CNFET channel.
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Figure 13: Upon pushing the diaphragm down the drain current decreases.
Each of the peaks corresponds to a load cycle of the AFM.
Device 135-X1Y1_18-03.
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Figure 14: Close-up of peaks 3 and 4. The depth of the peaks increases with
higher deflection setpoint. Device 135-X1Y1_18-03.
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E Additional measurement results

Entire measurements with continuous gate sweep technique

The results of the entire continuous sweep experiment of device 125-X2Y1_07-08
is shown in Figure 15, where the blue curve represents the measured Id values
over time and the red curve shows the corresponding pressure in the chamber.
A close-up of three Id-Vg sweeps at the location indicated by the black arrows is
shown in Figure 16. Additionally to the current and the pressure, the progression
of the top gate voltage is shown in the upper graph. As the chamber pressure is
increased from 1 to 2.2 bar, Id is reduced in the p- as well as in the n-branch.

Figure 15: Entire measurement for the experiment using continuous top gate
voltage sweeps. Device 125-X2Y1_07-08.

Measurement with open outlet valve

In Figure 17, the measurement data of a counter experiment with the same flow
rates as in the experiments presented in Chapter 6 is shown. In this case the
outlet valve is fully opened, resulting only in a minor increase in pressure even
upon introducing 1000 sccm of N2. No change in the Id-Vg curves is observable
throughout the experiment. This data proves that the modulation in the transfer
characteristics in the experiments discussed in Chapter 6 is actually due to the
increase in chamber pressure.
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Figure 16: Close-up of three sweeps at the location indicated with the black ar-
rows in Figure 15. Device 125-X2Y1_07-08.
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Figure 17: Counter experiment with increasing flow rates and open outlet valve.
Device 125-X2Y1_07-08.
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F Original pictures

In the thesis, two SEM pictures were processed by manually marking carbon
nanotubes to enhance the visibility. The original pictures are provided here.

(a) (b) 

(c) 

5 mm 5 mm 

5 mm 

Figure 18: Original picture of Figure 5.2.

5 mm 

5 mm 

Figure 19: Original picture of Figure 5.4 (a).
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G Failure mode and effect analysis

In the course of the process development, a very low yield of the devices fab-
ricated on quartz substrates was experienced. Additionally, the sealing of the
diaphragms proved to be very challenging. In order to detect possible failure
mechanisms, a failure mode and effect analysis (FMEA) was performed, which
was the basis for the experimental strategy (Table 1).

The severity (S) parameter defines how grave the influence of the respective
failure will be on the device functionality. A value of 10 indicates that the device
is non-functional, while the lower values quantify the magnitude how much the
performance will be compromised. For the occurrence (O), in some cases two val-
ues are given - the upper one corresponds to devices fabricated on silicon, while
the lower one represents devices on quartz substrates. The detectability (D) indic-
ates whether a failure can be easily detected. This was especially problematic for
the sealing, where no certain failure mode could be identified in the not success-
ful tests. According to the risk priority number (RPN), the points were treated
with the corresponding importance.

Most problems concerning device yield could be solved by switching from
quartz to silicon substrates. The major drawback of silicon compared to quartz
is that no residual stress control in the ALD Al2O3 is possible. Several protection
measures are included in the process flow, which include the protective ALD to
avoid SWNT contamination, protective gold leads to prevent SWNT breakdown
of CNFETs on quartz as well as the protective lift-off mask, which prevents the
top gate metal from being attacked during the release of the diaphragms.

During the non-successful experiments on the sealing of the diaphragms, it
could not be detected beyond doubt whether the failure is caused by permeation
through the sealing layer, permeation through the diaphragm layer or micro-
cracks in the diaphragm. It was however expected from literature that the 30 nm
thick ALD Al2O3 should suffice to prevent diffusion through the diaphragm.
Moreover, no indication of very high stress was gained from the mechanical sim-
ulations, which led to the assumption that the diaphragms do not suffer damage
from microcracks. Only when the successful sealing was achieved by applying
the thick sealing layer, the actual cause of the failure, which turned out to be
diffusion through the too thin seal, was identified.

The last point of the FMEA, which addresses the high stiffness of the dia-
phragm, can be approached by the measures for sensitivity improvement presen-
ted in Chapter 7.
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H List of samples

A list of all the processed samples on silicon substrates is given in Tables 2 (a) and
(b), where the most important process parameters and employed materials are
mentioned. All silicon chips with grown SWNTs used for the device fabrication
were provided by Dr. Wei Liu, and the contacting of the CNFETs on sample SP10-
X2Y1 was done by Dr. Wei Liu. This sample differs from the others insofar as
it contains Cr/Pd contacts instead of Cr/Au. Moreover, it is the only sample
considered here where the tubes were localized by AFM.

The first number of the sample ID denotes the batch, each of which contained
4 subchips, hence the annotation XiYj. Based on the time of separation of the
sample, some of the process steps are identical for the subchips of a batch.

The selective etch procedure was performed on all samples from batches 118
and 125. As the name implies, these two batches contain the highest SWNT dens-
ities due to the low ferritin dilution. Between 7 and 10 devices were designed by
chip, and the last two numbers in the device ID indicate the contacted source and
drain pad, respectively.

For the fabrication of the diaphragms and the top gates, the process parameters
were slightly varied. The same holds for the sealing, for which the proposed
optimal solution was determined in parallel to the device fabrication. The final
batch with ID 125 is fabricated according to the optimized process flow, which is
also described in Chapter 5.
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I Process run sheets

Process Flow Pressure Sensor SWNTs on Silicon Samples:

1 Dicing Date:

1 Spin Coating of protective PR Copolymer pure

2 FIRST Standard

3 Baking 120°C 10 min

4 Dicing (CLA) …

blade speed …

feed rate …

blade to chuck distance …

x / y step …

2 Cleaning after dicing Date:

1 Acetone RT rinse

2 Acetone 50 °C 10 min

3 NMP 80 °C 1 h

4 NMP RT 48 h

5 Acetone RT 10 min

6 IPA RT 10 min

7 Acidic Piranha (3:1 H2SO4:H2O2) 80 °C 1 h

8 Water rinse and Dry blow 1 min

9 Basic Piranha (5:1:1 DI H2O:NH4OH:H2O2) 60 °C 1 h

10 Water rinse and Dry blow 1 min

11 Break into smaller chips

3 Synthesis of SWNTs Date:

1 Particle adsorption dip chips into ~2 ml ferritin solution

find required dilution (with MES) tube density: 1 SWNT / 100 um2

adsorption time 3 min

water after adsorption 3 min

2 SWNT synthesis in LPCVD 

growth temperature 850 °C

H2 reduction pressure … (time)

H2 growth partial pressure … (time)

CH4 growth partial pressure … (time)

growth time 15 min

4 Atomic layer depostion protective layer Date:

1 Depostion thickness: 20 nm cycles: 230

precursors TMA / water pulse 0.1 s / 4 s

deposition temperature: 150 °C

5 Bondpads and electrodes structures Date:

0 Dehydrogenation Bake 190 °C 5 min

1 Spin coating photoresist: AZ 5214E 

acc step rpm time

step 1: 3 s 3000 3 s

step 2: 3 s 5000 45 s

2 Baking temperature: 110 °C time: 60 s

3 Exposure MJB3 (channel 1)intensity: 6 mW/cm
2 time: 1.2 s dose: 7.2 mJ

4 Baking temperature: 115 °C time: 120 s

5 Flood exposure time: 30s

6 Development

1 MIF 826 pure time: 45s

2 H2O time: 120 s

3 N2 - blow dry
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6 Metal evaporation (PVD) Date:

1 Chromium (Cr) thickness: 2 nm rate: 1 Å/s

2 Gold (Au) thickness: 40 / 60 nm rate: 1 Å/s

7 Lift-off Date:

1 NMP 80 °C 30 min

2 NMP RT 30 min

3 Acetone RT 10 min

4 Isopropanol RT 10 min

5 N2 - blow dry

8 SEM localization Date:

9 E-beam lithography of tube selection mask Date:

0 Dehydrogenation Bake 190 °C 5 min

1 Spin coating of samples

1 Coating photoresist: P(MMA/MAA) pure in EL

rpm acc time

spreading 1000 2 s 3 s

thinning 5000 4 s 45 s

2 Baking 180 °C 5 min

2 E-beam clearance dose: 150 µC/cm
2

dose factor: 6

GDSII data type: 0.2

Written dose = 180 uC / cm2

3 Development

1 MIBK : IPA (1:3) 60 s

2 Isopropanol 60 s

4 Baking 110 °C 10 min

10 ALD etching for selection Date:

1 O2 plasma 100 W 10 sec

2 H3PO4 : DI (4:1) 55 °C 2 min

3 DI under water stream RT 1 min

4 blow dry and inspect under microscope

5 Acetone 50 °C 10 min

6 Isopropanol RT  5 min

7 N2 - blow dry

10 O2 plasma selective tube etch 250 W 2 min Date:

11 E-beam lithography of contacts Date:

0 Dehydrogenation Bake 190 °C 5 min

1 Spin coating of samples

1 Coating photoresist: P(MMA/MAA) pure in EL

rpm acc time

spreading 1000 2 s 3 s

thinning 5000 4 s 45 s

2 Baking 180 °C 5 min

3 Coating photoresist: PMMA (1:1) 950K in EL

rpm acc time

thinning 2000 3 s 90 s

4 Baking 180 °C 15 min

2 E-beam clearance dose: 150 µC/cm
2

dose factor: 11

GDSII data type: 0.2

Written dose = 330 uC / cm2

3 Development

1 MIBK : IPA (1:3) 60 s

2 Isopropanol 60 s
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12 ALD etching of protective layer on contact area Date:

1 O2 plasma 100 W 10 sec

2 H3PO4 : DI (4:1) 55 °C 2 min

3 DI under water stream RT 1 min

4 blow dry and inspect under microscope

5 Acetone 50 °C 10 min

6 Isopropanol RT  5 min

7 N2 - blow dry

13 Metal evaporation (PVD) Date:

1 Chromium (Cr) thickness: 2 nm rate: 1 Å/s

2 Gold (Au) thickness: 40 nm rate: 1 Å/s

14 Lift-off Date:

1 NMP 80 °C 1 h

2 NMP RT 48 h

3 Acetone RT 10 min

4 Isopropanol RT 10 min

5 N2 - blow dry

15 ALD etching for selection Date:

1 O2 plasma 100 W 10 sec

2 H3PO4 : DI (4:1) 55 °C 2 min

3 DI under water stream RT 1 min

4 blow dry and inspect under microscope

5 Acetone 50 °C 10 min

6 Isopropanol RT  5 min

7 N2 - blow dry

16 Atomic layer depostion of passivation layer Date:

1 Depostion thickness: 40 nm cycles: 460

precursors TMA / water pulse 0.1 s / 4 s

deposition temperature: 300 °C

17 Definition of Sacrificial Layer by EBL Date:

0 Dehydrogenation Bake 190 °C 5 min

1 Spin coating of samples

1 Coating photoresist: P(MMA/MAA) pure in EL

rpm acc time

spreading 1000 2 s 3 s

thinning 5000 4 s 45 s

2 Baking 180 °C 5 min

3 Coating photoresist: PMMA (1:1) 950K in EL

rpm acc time

thinning 2000 3 s 90 s

4 Baking 180 °C 15 min

2 E-beam clearance dose: 150 µC/cm
2

dose factor: 15

GDSII data type: 0.2

Written dose = 330 uC / cm2

3 Development

1 MIBK : IPA (1:3) 60 s

2 Isopropanol 60 s

18 Sacrificial Layer evaporation (PVD) Date:

1 Silicon (Si) thickness: 100 nm rate: 1 Å/s

19 Atomic layer depostion (ALD) of structural Al2O3 Date:

1 Depostion thickness: 30 nm cycles: 345

precursors TMA / water pulse 0.1 s / 4 s

deposition temperature: 180°C
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20 Etch mask to open via holes (and pads) in ALD  Al2O3 Date:

0 Dehydrogenation Bake 190 °C 5 min

1 Spin coating of samples

1 Coating photoresist: P(MMA/MAA) pure in EL

rpm acc time

spreading 1000 2 s 3 s

thinning 5000 4 s 45 s

2 Baking 180 °C 15 min

2 E-beam clearance dose: 150 µC/cm
2

dose factor: 12

GDSII data type: 0.1

Written dose = 180 uC / cm2

3 Development

1 MIBK : IPA (1:3) 60 s

2 Isopropanol 60 s

4 Baking 110 °C 10 min

21 ALD etching of access holes (and inner and outer pads) Date:

1 O2 plasma 100 W 10 sec

2 H3PO4 : DI (4:1) 55 °C 7 min

3 DI under water stream RT 1 min

4 blow dry and inspect under microscope

5 Acetone 50 °C 10 min

6 Isopropanol RT  5 min

7 N2 - blow dry

22 E-beam lithography of top gate Date:

0 Dehydrogenation Bake 190 °C 5 min

1 Spin coating of samples

1 Coating photoresist: P(MMA/MAA) pure 950K in EL

rpm acc time

spreading 1000 2 s 3 s

thinning 5000 4 s 45 s

2 Baking 180 °C 5 min

3 Coating photoresist: PMMA (1:1) 950K in EL

rpm acc time

thinning 2000 3 s 90 s

4 Baking 180 °C 15 min

3 E-beam clearance dose: 150 µC/cm
2

dose factor: 15

GDSII data type: 0.2

Written dose = 330 uC / cm2

4 Water rinse + blow dry time 1 min

5 Development

1 MIBK : IPA (1:3) 60 s

2 Isopropanol 60 s

23 Metal evaporation (PVD) - 30° tilt Date:

1 Chromium (Cr) thickness: 8 nm rate: 1 Å/s

2 Gold (Au) thickness: 40 nm rate: 1 Å/s

24 Lift-off Date:

1 NMP 80 °C 30 min

2 NMP RT 30 min

3 Acetone RT 10 min

4 Isopropanol RT 10 min

5 N2 - blow dry
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25 E-beam lithography of Lift-Off Mask Date:

0 Dehydrogenation Bake 190 °C 5 min

1 Spin coating of samples

1 Coating photoresist: P(MMA/MAA) pure 950K in EL

rpm acc time

spreading 1000 2 s 3 s

thinning 5000 4 s 45 s

2 Baking 180 °C 5 min

3 Coating photoresist: PMMA (1:1) 950K in EL

rpm acc time

thinning 2000 3 s 90 s

4 Baking 180 °C 15 min

3 E-beam clearance dose: 150 µC/cm
2

dose factor: 15

GDSII data type: 0.2

Written dose = 330 uC / cm2

4 Water rinse + blow dry time 1 min

5 Development

1 MIBK : IPA (1:3) 60 s

2 Isopropanol 60 s

23 Sacrificial layer release etching Date:

1 XeF2 35°C 5 min

24 Seal access via holes Date:

1 PVD of sealing material

24 Lift-off Date:

1 NMP 80 °C 30 min

2 NMP RT 30 min

3 Acetone RT 10 min

4 Isopropanol RT 10 min

5 N2 - blow dry

Sample packaging and wire bonding Date:

2 Drop of photoresist into the chip package AZ4533

3 Place sample into the package onto drop of photoresist

4 Baking temperature 110 °C time: 2 min

5 Wire bonding in CLA FIRST

settings according to database of the wire bonder
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