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Abstract

Energy dispersive x-ray spectroscopy (EDS) for element detection has pro�ted
from the signi�cant improvements of the employed silicon x-ray detector technol-
ogy. Today, EDS systems can easily be integrated into handheld devices, enabling
mobile systems for element detection. In contrary to the detector technology, lit-
tle improvement has occurred for the used x-ray transmission windows and toxic
beryllium windows are still the most common choice in the �eld. The tight speci-
�cations that arise from the application requirements have left beryllium windows
unchallenged as the proposed alternative window materials deteriorate the system
performance.
In this work, a novel x-ray transmission window based on graphenic carbon

(GC) was developed with superior performance compared to beryllium transmis-
sion windows. The novel x-ray transmission window exhibits an improved x-ray
transmission for energies below 2 keV, while demonstrating excellent mechanical
stability, as well as light and vacuum tightness. It was demonstrated that the
available energy range of GC x-ray transmission windows can be extended to the
energies below 1.5 keV by reducing the GC thickness and integrating a silicon sup-
port structure which results in a window con�guration that ful�lls the mechanical
stability requirements. The presented GC low energy x-ray transmission window
o�ers a superior x-ray transmission and optical light blocking levels compared to
those of a commercial polymer low energy x-ray transmission window.
The GC material, deposited by a developed chemical vapor deposition pro-

cess exhibits a highly laminar micro-structure and high mechanical strength. A
bulge testing scheme was developed and combined with Raman spectroscopy mea-
surements and �nite element simulations to identify a Young's modulus of up to
170 GPa and a compressive stress of approximately 400 MPa. The GC material of-
fers a high electrical conductivity with a bulk resistivity of 1 mΩ cm and a density
of 2.2 g/cm3. The identi�ed material properties make the GC material attrac-
tive for a number of applications aside from x-ray transmission windows including
microphones, loud speakers and other micro-electro-mechanical systems (MEMS)
and is now available for evaluation.
The GC deposition and fabrication process was scaled up from the developed

single window processing to wafer scale processing using substrates with a diameter
of 150 mm, a requirement for the industrial fabrication of the windows in the
future. The newly established GC material can therefore �nally replace beryllium
in x-ray transmission windows with a non-toxic and abundant material.
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1 Introduction

The introduction of silicon drift x-ray detectors (SDD) has transformed bulky,
liquid nitrogen cooled x-ray detectors into compact detector modules that are
cooled by Peltier elements. While advances in microelectronics and fabrication
technologies, such as integrated junction �eld e�ect transistor (JFET) fabrication
and high purity silicon substrates, have led to a constant improvement of detection
e�ciency and spectroscopic resolution [1�3], the fact that x-ray detectors can now
be incorporated into handheld, stand-alone devices has made a big impact on the
availability of systems for element detection [4]. The �rst handheld x-ray �uores-
cence (XRF) systems below 10k US-dollars are currently becoming available [5],
making x-ray element detection attractive for a wide range of applications, aside
from laboratory users. At the same time, improved signal processing algorithms,
readout electronics and detector designs are helping to overcome the previous lim-
itations of energy dispersive x-ray spectroscopy (EDS) systems including the low
spatial resolution and limited element sensitivity. Burgess et al. [6] have shown
that it is possible to achieve sub 10 nm resolution for scanning electron microscopy
energy dispersive spectroscopy (SEM-EDS) applications, while Newbury et al. [7]
demonstrated an element sensitivity, approaching that of wavelength-dispersive
x-ray spectroscopy (WDS) systems, both of which are crucial aspects for high end
laboratory applications.

While there have been impressive improvements in the detector technology as
well as software algorithms, the available x-ray transmission windows that are a
necessary component in most EDS applications, are still being fabricated from
thin beryllium (Be) foils. Beryllium is a toxic material raising numerous handling
precautions and poses a health risk if the window breaks during operation [8]. In
this work, graphenic carbon (GC) is proposed and evaluated as a suitable window
material.

The principles of energy dispersive x-ray spectroscopy (EDS), as well as the
functionality of the used silicon drift detector (SDD) technology will be introduced
in the following in order to set the scene for the upcoming chapters discussing the
novel window material. Additional references are given to provide the interested
reader with more detailed information on the covered aspects.

1



1 Introduction

1.1 Energy Dispersive X-ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDS) is a widely used method for element
detection, o�ering simple sample preparation and element detection limits of ap-
proximately 0.1 wt% [9]. The measurement scheme is based on the fact that the
characteristic x-ray emission spectrum of an element is a result of its unique atomic
structure, as discussed in detail in reference [10]. By recording and analyzing the
characteristic x-ray emission spectrum of a sample of interest, it is therefore pos-
sible to identify the individual contributing elements. A detailed, fundamental
discussion of energy dispersive x-ray spectroscopy is given in reference [11].

1.1.1 Characteristic X-ray Radiation

Characteristic x-ray radiation is emitted by an element as it is de-excited by ra-
diative relaxation from a highly energetic, ionized state. Ionization is induced
either by electron bombardment with an electron beam, as it is typically available
in scanning electron (SEM) or transmission electron (TEM) microscopy, denoted
as SEM-EDS, by x-ray radiation, denoted as energy dispersive x-ray �uorescence
(EDXRF), or other high energy particles, denoted as particle induced x-ray emis-
sion (PIXE).

The characteristic x-ray radiation is dependent on the electron con�guration of
the element. The atomic structure can be described as an atomic nucleus which is
surrounded by electrons that are only allowed to occupy de�ned orbitals. These
orbitals are successively �lled as the atomic number, and thus the number of elec-
trons, is increased. The energy of the electrons increases as one moves from a
lower to a higher orbital, with the innermost orbital o�ering the lowest energetic
state. Commonly, the x-ray level nomenclature is used which treats the orbitals as
shells and sub-shells as described in reference [12]. The x-ray generation process
for electron impact induced ionization and subsequent x-ray emission is shown
schematically in �gure 1.1. If the transferred energy of the incoming electron is
su�ciently large, a vacancy can be created that is subsequently �lled by an elec-
tron from a higher shell (�g 1.1 (b)). The energy di�erence is emitted in form
of radiation, or as an Auger electron, with the corresponding energy. The shell
transition energies are unique and responsible for the characteristic x-ray emission
spectrum of an element.

A more detailed schematic of the atomic model is shown in �gure 1.2 (a). The
shells are classi�ed as K, L and M and are further divided into sub-shells that
exhibit di�erent energetic levels within the same shell. The K shell can occupy a
maximum of 2 electrons, the L shell a maximum of 8 electrons and the M shell
a maximum of 18 electrons [15]. Heavier elements lead to the formation of addi-
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1.1 Energy Dispersive X-ray Spectroscopy

Figure 1.1: The generation process of the characteristic x-ray radiation of Ne is
schematically shown for the case of electron excitation using the atomic shell model.
A positively charged nucleus (red) is surrounded by electrons (blue) that occupy
speci�c shells. In a) an inner electron is expelled from its position by the impact of
an electron with a su�ciently high energy. An x-ray photon is emitted as the created
vacancy is �lled by the transition of an electron from a higher shell, as shown in b).

tional shells denoted as N, O, P and Q, which are successively �lled. The elements
hydrogen and helium do not exhibit characteristic x-ray radiation due to the ab-
sence of higher shells and can therefore not be detected using energy dispersive
spectroscopy. Especially for heavier elements various di�erent shell transitions are
encountered. The possible electron transitions for the element manganese (Mn)
using the Siegbahn notation are demonstrated in �gure 1.2 (b), wherein the �rst
letter denotes the shell with the electron vacancy and the ensuing Greek letter
groups the electron transitions according to the transition energy [15]. The en-
ergy of the emitted photon, or Auger electron, is the energy di�erence of the states
of the electron before and after the transition. Figure 1.3 (a) shows the transition
energies of the corresponding transitions shown in �gure 1.2 (b). The K series
radiation always exhibits the highest transition energy and the α transition shows
the highest intensity in the energy group [13].

The probability of the generation of a photon instead of an Auger electron dur-
ing the electron transitions is dependent on the shell transition and the atomic
number of the element and referred to as �uorescence yield [12]. The emitted
radiation intensity is generally the highest for the Kα series, if the excitation ef-
�ciency is disregarded, and heavier elements also emit signi�cant amounts of L
series radiation. The dependency of the �uorescence yield on the atomic number
of the element and the transition series are shown in �gure 1.3 (b). Higher series
such as the M series exhibit an even lower �uorescence yield. Elements with a
low atomic number emit only very little radiation as the �uorescence yield is low,
making the detection of light elements more di�cult.
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Figure 1.2: A detailed view of the atomic shell model of Mn is shown in a). The
shells above the K shell are further divided in sub-shells. The electron transitions
that are responsible for the characteristic emission spectrum of Mn using the Sieg-
bahn notation are visualized in b) as discussed in reference [13].

Figure 1.3: The corresponding energies of the electron transitions for the element
Mn using the Siegbahn notation are given in a), and were taken from reference [13].
The dependency of the �uorescence yield on the atomic number of the element and
the transition series is shown in b), based on the data found in reference [14]. K-series
transitions exhibit a higher �uorescence yield compared to higher series.
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1.1 Energy Dispersive X-ray Spectroscopy

Figure 1.4: The elements for which the Kα line energies are found below 2 keV are
given in a) while b) shows the elements for which the Kα line energies are found
between 2 keV and 11 keV, as given in reference [17]. The line spacing increases with
the increasing atomic number of the elements.

The speci�c characteristic energies of the elements have been measured with
great accuracy in the past and are widely available, one example being reference
[16]. The characteristic Kα line energies of the elements for the energy range from
0.1 keV to 2 keV, which is regarded as low energy x-ray radiation, are shown in
�gure 1.4 a) and �gure 1.4 (b) for the energy range from 2 keV to 11 keV. The
energy and the energy spacing of the Kα line energies increase with the atomic
number of the elements, which was �rst recognized by Henry Moseley in 1913. As
a consequence, the energy resolution required to distinguish the individual lines
increases for lighter elements.

1.1.2 Measurement Scheme

By bringing the elements of a sample into an excited state and measuring the
energy distribution of the emitted x-ray radiation it is therefore possible to deter-
mine the element composition of the sample. Ideally, the energy of each photon
that reaches the detector is determined and accounted for, forming a histogram of
the detected energies as the measurement is performed. The number of detection
events for a given energy can therefore be used to quantify the elemental composi-
tion of the material, presuming a careful calibration and an in-depth understanding
of the underlying physical mechanisms that lead to the x-ray generation are given
as discussed in reference [7]. This presumes a su�ciently high energy resolution
of the x-ray detection system in order to identify the single transitions that lead
to the observed emission spectrum. This is more di�cult for elements with a low
atomic number due to the smaller energy spacing of the transitions and as the
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Figure 1.5: The EDS spectrum of a calibration sample (BAM-EDS-TM002, as
shown in the inset), as obtained with an SEM-EDS system is shown. An acceleration
voltage of 10 kV and an acquisition time of 400 seconds was used. The peaks exhibit a
high peak to background ratio and the corresponding shell transitions were identi�ed
using reference [16].

transition energies of the L series from heavier elements (Z > 20) are also found
in this low energy range [13].

A typical EDS spectrum, as it is obtained using an AXAS-D EDS system from
Ketek in combination with an SEM, is shown in �gure 1.5. A calibration sample
(BAM-EDS-TM002 [18]) was excited using an electron beam with an energy of
10 keV and the x-ray emission of the sample recorded with an x-ray detector. A
pulse processor interprets the voltage output of the x-ray detector and assigns
each individual event, which ideally corresponds to a detected x-ray photon, to
the corresponding channel of the spectrum acquisition software. A histogram of
the encountered photon energies is subsequently available for interpretation. In
the shown case, the sample includes the elements carbon (C), manganese (Mn),
copper (Cu), aluminium (Al) and zirconium (Zr) and the corresponding peaks
exhibit a high peak to background ratio. This element combination is used to
optimize performance testing of EDS systems and in-depth information on the
calibration sample can be found in reference [18]. The discussed Mn Kα and
Mn Kβ, as well as the Mn Lα transitions are visible.

The line energies broaden due to the limited resolution of the detector as well
as due to the noise of the acquisition system. The resulting resolution needs to be
su�ciently high to separate the peaks, which would otherwise lead to misinterpre-
tation. Deconvolution of the peaks and peak identi�cation is available in most of
the manufacturer supplied software, reducing the required time and background
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knowledge of the user. The technique not only allows the identi�cation of the
elemental composition but also allows a quantitative analysis of the elements. A
detailed discussion regarding the capabilities of SEM-EDS systems is provided in
reference [7].

Aside from laboratory use in combination with SEM or TEM, handheld and
tabletop EDS systems are available for element detection. These devices com-
monly rely on x-ray �uorescence instead of an electron beam for excitation. In
this case, an x-ray source is used to excite the sample of interest. The energy of
the x-ray radiation has to be su�ciently high to excite the elements of interest and
the x-ray tubes are commonly operated at acceleration voltages of up to 50 kV.
Especially handheld devices are used in ambient environments, which leads to a
signi�cant signal loss due to the absorption of x-ray radiation with an energy below
3.5 keV in the air. Systems that provide helium purging are available to reduce the
impact of the air as helium o�ers a lower absorption at these energies [19]. None
the less, if light elements such as carbon, boron and oxygen are to be detected, a
vacuum is necessary as even helium purging is insu�cient and the corresponding
characteristic x-ray radiation is lost. Fortunately, heavier elements above 3.5 keV,
such as hazardous lead, can easily be detected without helium purging, making
handheld EDXRF systems highly attractive for applications including among oth-
ers: archaeology [19], forensics [20] and environmental monitoring [21].

Handheld and tabletop devices with intelligent analysis algorithms have made
EDS and EDXRF a widely used method for material analysis [22]. The intro-
duction of semiconductor x-ray detection systems with a high energy resolution
and low footprint were the basis for this development and will be discussed in the
following.

1.2 Semiconductor X-ray Detectors

Energy dispersive spectroscopy requires x-ray detection systems with a high en-
ergy resolution, high count rates and reliable operation. The �rst lithium drifted
silicon (Si(Li)) semiconductor x-ray detectors were developed in the 1960's but
required liquid nitrogen cooling [23]. Current silicon drift x-ray detectors (SDD)
provide high energy resolution [24], high count rates [25], and a low foot print due
Peltier element cooling.

The underlying scheme of semiconductor x-ray detectors is the conversion of an
incoming x-ray photon to a corresponding charge cloud of electron and hole pairs,
as it is absorbed in the detector volume. The number of generated electron and
hole pairs depends on the photon energy and the characteristic ionization energy
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of the used detector material. In silicon, the generation of an electron hole pair
corresponds to an average energy of ωE = 3.66 eV at a temperature of 300 K [26].
The fact that this is not a constant value sets a fundamental limit regarding the
spectral resolution, which is accounted for by the Fano factor, describing the sta-
tistical spread of the amount of generated charge [27]. It has been shown that the
product of the Fano factor and the average energy required to generate an electron
hole pair in silicon is dependent on the temperature as well as on the energy of the
incoming photon [28, 29]. The observed peak broadening in the EDS spectrum is
quanti�ed by the full width at half maximum (FWHM). The theoretical FWHM
can be calculated following Fraser et al. [30] by equation 1.1. With ωE denoting
the average energy per electron hole pair, F denoting the Fano factor and E the
energy of the incoming photon.

FWHM =
√

8 ln(2) ×
√
ωE F E (1.1)

Assuming a detector temperature of −60 ◦C and a photon energy of E =
5.895 keV results in an average energy per electron hole pair in silicon of ωE =
3.70 eV and a Fano factor of F = 0.118, as described in reference [28]. Using
equation 1.1 results in a FWHM of 119.5 eV, which sets the theoretical limit for
the energy resolution of a silicon radiation detector with the described working
principle. It should be noted that the FWHM energy resolution of the Kα line of
Mn (5.895 keV) is often used as a �gure of merit to describe the performance of an
x-ray detector [31]. The newest generation of silicon drift detectors is approaching
the Fano limit reaching a FWHM of 123 eV for the Kα line of Mn (5.895 keV) [24],
indicating the high maturity of the SDD detector technology [32].

The generated electron hole pairs need to be separated and quanti�ed in order
to deduce the energy of the absorbed photon. This can be achieved by applying
a potential across the detection volume and the resulting electric �eld moves the
electrons and holes to the electrode with the corresponding polarity. Subsequently,
a high impedance transducer can be used to convert the collected electrons at the
anode to a voltage output. In order to obtain the correct energy value, it is nec-
essary to collect all of the generated electrons before recombination or trapping
can take place. Therefore, silicon substrates with a high carrier lifetime are nec-
essary, which implies high purity silicon with a low density of trapping states [1].
Evidently, any intrinsic charge carriers of the detector material will also be col-
lected and contribute to, and thus deteriorate, the measurement. As the charge
carrier density in high resistivity silicon is dominated by the thermal generation of
electron hole pairs, cooling has a signi�cant impact on the charge carrier densities
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and detector performance. Equation 1.2 describes the temperature dependency
of the intrinsic carrier density and demonstrates the importance of the detector
temperature [33].

ni = 9.15 × 1019

(
T

300

)2

exp

(
−6880

T

)
cm−3 (1.2)

Early semiconductor x-ray detectors relied solely on cooling of the detector ma-
terial in order to lower the charge carrier density. But the developed detectors still
su�ered from severe signal broadening due to thermal charge carrier generation,
even at temperatures of 77 K which can readily be reached by liquid nitrogen cool-
ing [1]. Instead, modern semiconductor detectors rely on a completely depleted
absorption volume, which leads to a very low density of majority charge carriers.
This was initially achieved by utilizing a reverse biased pin diode con�guration. A
highly doped p region, a high resistivity n doped or intrinsic region and a n doped
region are brought into contact forming a p-n junction with a build in potential
that removes the mobile majority carriers and separates the generated electron
hole pairs. An additionally applied reverse bias in the order of 100 V results in
a depletion width that can be larger than the substrate thickness and leads to a
completely depleted detector volume with a very low charge carrier concentration
throughout the detection volume [1].

Silicon drift detectors (SDD) elegantly combine the depletion zone of the pin
diode con�guration with a lateral drift �eld, which signi�cantly reduces the overall
capacitance of the detector [34]. It can be interpreted as a folded pin diode with
complete sideward depletion of the semiconductor material, due to the applied re-
verse bias. The additional drift �eld is generated by a top electrode con�guration
of concentric rings. The applied di�erential voltage of the ring electrodes decreases
towards the center anode with a resulting potential as described by Lechner et
al. [35].

The schematic of a SDD detector is shown in �gure 1.6. Electron hole pairs
that are generated by the incident radiation are separated by the present electric
�eld and the electrons drift along the drift �eld towards the anode, located at the
center, where they are collected. An in-depth discussion of the SDD concept, its
advantages and current state of the art can be found in the references [24,36,37].
A high impedance transducer converts the collected charge at the detector anode
to a voltage signal and each collected charge cloud induces a step wise increase
of the output level. The state of the detector anode is periodically reset in order
to allow for a continuous detection scheme and a pulse processing unit is used to
interpret the voltage output signal of the detector. The encountered voltage steps
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are assigned to detection events with a corresponding energy and used to build a
histogram showing the energy distribution of the detected photons.

Figure 1.6: The cross section of a silicon drift detector is schematically shown.
The top of the high resistivity, n doped silicon substrate is covered by concentric
p+ doped ring electrodes that induce a drift �eld within the bulk material, which is
used to channel the generated electrons towards the anode. An integrated JFET at
the center of the device is used to convert the collected charge to a voltage signal.
The radiation enters from the bottom through the p+ doped region and a charge
cloud corresponding to the energy of the photon is generated if it is absorbed in the
detector volume. The electrons subsequently drift along the drift �eld as indicated
by the arrow. The schematic was redrawn and adapted from reference [3].

Apart from the detector resolution, which is limited by the Fano factor, the
detector performance is governed by the detector e�ciency. The interaction prob-
ability of the incoming photon and the detector volume, for a given detector
thickness, depends on the material density and the atomic number Z of the de-
tector material. In combination they determine the energy dependent absorption
e�ciency of the detector material, quanti�ed by the mass absorption coe�cient
µ. A high density and Z value result in a high cross section of the element, which
makes the photoabsorption of the incoming photon in the detector material more
likely.

Equation 1.3 describes the exponential decay of the radiation intensity within
a semiconductor detector volume, with I/I0 denoting the relative intensity of the
radiation, ρ the material density, µ the mass absorption, which is energy depen-
dent, and x the thickness of the material [1].
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Figure 1.7: The intensity decay of x-ray radiation with an energy of 30 keV within
a silicon and a germanium detector volume, as calculated with equation 1.3, is
depicted in a). The remaining intensity at a thickness of 450 µm is indicated. The
dependency of the x-ray absorption of a 450 µm thick silicon substrate on the energy
of the x-ray radiation is given in b), as simulated by the web applet supplied by the
Center of X-ray Optics (CXRO) at the Lawrence Berkeley National Laboratory [38].

I

I0
= e(−ρµx) (1.3)

The implications are visualized in �gure 1.7 a) by comparing the intensity decay
of a silicon (Z=14) and a germanium (Z=32) detector volume for x-ray radiation
with an energy of 30 keV. The relative signal intensity is signi�cantly reduced
for germanium compared to silicon at a thickness of 450µm. The consequence is
thus a smaller required thickness of the active region of the detector for a desired
absorption e�ciency, if the material o�ers a high Z value.

As the mass absorption coe�cient is dependent on the energy of the incoming
photons, a lower detection e�ciency for high energy photons is observed as demon-
strated in �gure 1.7 b) for a silicon detector with a thickness of 450µm. Whereas
radiation with an energy below 10 keV is absorbed with a high probability, the ab-
sorption e�ciency falls below 15 % for energies above 30 keV and therefore other
type of detectors have to be used for high energy radiation detectors such as
high purity germanium detectors, cadmium telluride detectors or a combination
of silicon and other materials [24, 31]. Silicon drift detectors commonly exhibit a
thickness of the active detector volume of 450µm and therefore only o�er a high
detection e�ciency within the range of 0.2 keV to 20 keV as shown in �gure 1.7
b).
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1.3 The Silicon Drift Detector Module

Silicon drift x-ray detectors (SDD) are cooled in order to reduce thermal noise
generation and are commonly operated at a temperature of −60 ◦C to −20 ◦C,
depending on the required energy resolution and operating environment. This
temperature range can be achieved by a multi-stage Peltier element and poses
a signi�cant advantage compared to earlier Si(Li) x-ray detectors that required
liquid nitrogen cooling.

A photograph of a typical detector module including the Peltier element, the
bonded pins, the collimator, which shields the detector edge from irradiation, and
the x-ray detector surface in the center is given in �gure 1.8 a).

Figure 1.8: A photograph of a silicon drift detector is shown in a). The active
detector volume is placed on top of a multistage Peltier element and surrounded
by a collimator. The schematic cross section of a vacuum encapsulated detector
module, as it is used for EDS and EDXRF applications, is depicted in b). It contains
a highly x-ray transparent window on the top of the housing in order to pass the
x-ray radiation to the detector. Images taken and adapted with permission from
reference [32].

The e�ciency of thermoelectric cooling is strongly dependent on the absolute
thermal �ux and corresponding current within the Peltier element, as discussed
in reference [39]. An e�cient cooling concept should therefore minimize the heat
transfer between the cold detection volume and the ambient environment in order
to obtain a minimal detector temperature. The thermal heat transfer consists of
thermal conduction through the bulk material and bond wires, thermal radiation
and thermal conduction due to convection.
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The detector module is designed in a way to minimize the individual contribu-
tions by using materials with a low thermal conductivity and bond wires with a
minimal diameter. In addition, thermal convection can be eliminated by placing
the detector in a high vacuum of 1 × 10−6 mbar, with 1 mbar corresponding to
100 Pa. This has the additional advantage of shielding the detector surface from
ambient contaminants by avoiding the adsorption and condensation of gaseous
species. The SDD detector is therefore placed within an evacuated detector hous-
ing. The cross section of a vacuum encapsulated SDD detector module with an
industry standard TO8 housing is schematically shown in �gure 1.8 b). The top of
the housing incorporates a highly x-ray transparent window element which passes
the x-ray radiation through the housing and to the detector.

1.4 X-ray Transmission Windows

Beryllium (Be) is commonly used as a material for the x-ray transmission window
and �gure 1.9 a) shows a photograph of a vacuum encapsulated SDD detector
module incorporating a Be x-ray transmission window.

Ideally, the x-ray transmission window should not alter the transmitted x-ray
radiation. The e�ect of an x-ray transmission window on the detector signal is
shown in �gure 1.9 b). While the spectrum obtained with a windowless SDD mo-
dule shows a high count rate across the given energy range, the signal obtained
with a detector module that incorporates a standard Be window is signi�cantly
attenuated for x-ray energies below 2.5 keV. The detection e�ciency of the de-
tector system is therefore directly a�ected by the x-ray transmission of the x-ray
transmission window [40], as well as indirectly by its ability to support the high
quality vacuum inside the detector housing.

The x-ray transmission of a transmission window is dependent on the window
thickness, the window material and the window geometry. Interestingly, the sit-
uation is comparable to the discussed implications of the detector material and
thickness of the detection volume in regard to the e�ciency of a semiconductor
x-ray detector. But instead of a high absorption e�ciency, the window material
should transmit the x-ray radiation with as little attenuation as possible. The
same considerations apply and the x-ray transmission window should therefore be
as thin as possible and constitute of a material with a low atomic number. The
interaction cross section is in general dependent on the energy of the incoming
radiation, with an increased interaction probability for low energy radiation as
described in section 1.2. This e�ect is apparent in �gure 1.9 b) and results in a
signi�cant signal attenuation for the energies below 2.5 keV if a Be x-ray trans-
mission window is used.
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Figure 1.9: A photograph of a commercial, vacuum encapsulated, SDD detector
module is shown in a). The image was taken with permission from reference [32].
The Be x-ray transmission window is visible on the top of the TO8 housing. The
e�ect of a Be window on the measured EDS spectrum of a calibration sample (shown
in the inset) is demonstrated in b) by comparing the spectrum obtained with a de-
tector incorporating a Be window (red) to the spectrum obtained with a windowless
detector (grey). The low energy radiation of the C Kα and Mn Lα transitions are
not visible in the spectrum obtained with the Be window, as the radiation has been
absorbed by the beryllium.

The vacuum inside the housing, with a low absolute pressure of 1 × 10−6 mbar,
guarantees e�cient detector cooling but results in a large di�erential pressure
across the x-ray transmission window if the module is placed in a non-vacuum
environment. The resulting load is dependent on the open diameter of the win-
dow and at an ambient pressure of 1 bar this results in a load of 3.85 N, or 385 g,
for the standard window diameter of 7.0 mm employed for these type of detector
modules. The x-ray transmission window has to be sturdy enough to withstand
this load as well as additional stress that arises during normal operation of the
detector module, which includes among others, pressure bursts if the specimen
chamber is being vented or mechanical perturbations during module handling.

The contradicting goals of a minimal x-ray attenuation and the ability to with-
stand large pressure loads needs to be evaluated for the given application, depend-
ing on the energy range of interest, the required open geometry of the window and
additional properties such as for example blocking of visible light.
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1.4.1 Window Requirements

The x-ray transmission window is an integral part of the detector housing and the
requirements of the window arise from the application and working environment
of the detector module and will be derived in the following.

� The window has to transmit the radiation of interest in a su�ciently e�cient
manner to allow element detection. This corresponds to an energy range
from 0.1 keV to 30 keV for the discussed SDD detector modules, although
the exact range depends on the elements that are to be detected.

� The window has to withstand the di�erential pressure that acts across the
window due to the vacuum inside the detector housing, if the module is
placed in an ambient environment. The resulting load that weighs down
on the window is dependent on the open diameter of the window geometry
and unless otherwise noted, a standard window with a diameter of 7.0 mm
is assumed. The pressure stability has to be su�ciently high to withstand
at least the di�erential pressure of one atmosphere, but should ideally be
larger in order to provide a safety margin.

� Aside from a static di�erential pressure load, the window also has to with-
stand dynamic pressure changes, as they occur if the measurement environ-
ment changes from vacuum to ambient pressure conditions or during the
handling and resulting perturbations of the detector module. This results
in a substantial stress on the window material which can lead to yielding,
material fatigue and eventual window failure. The window therefore has to
show a high resilience against material fatigue due to cyclic loads.

� The vacuum inside the detector housing is necessary for e�cient cooling and
a leak tight con�guration of the housing and x-ray transmission window is
a necessity for long time stability of the module performance. Helium leak
rates below 3 × 10−10 mbar l/s are considered su�cient to provide a high
cooling e�ciency throughout the life time of the detector module, which is
speci�ed to two years.

� The x-ray transmission window should exhibit a high attenuation of optical
and infrared radiation. Photons with an energy larger than the band gap of
the used semiconductor material of the x-ray detector are able to generate
unwanted electron hole pairs and should therefore be blocked by the win-
dow. At a temperature of −60 ◦C the silicon band gap is 1.145 eV, which
corresponds to a wavelength of 1.08µm [41]. Insu�cient light blocking de-
teriorates the energy resolution and can even impede operation. The highly
sensitive nature of SDD detectors requires a high attenuation of optical and
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infrared radiation and a value of 1 × 1011 or higher is seen as su�cient if the
detector module is to be used in daylight conditions [42].

� The window should be able to withstand the deterioration due to ambient
contaminants such as moisture, low levels of oxidizing agents such as ozone
and ionizing radiation, as they are encountered during operation.

� High temperature stability of the window is desirable as soldering processes
are commonly used to join the x-ray window to the detector housing, which
requires temperatures of up to 400 ◦C.

� Charging of the window should be avoided as it would otherwise de�ect the
electron beam in SEM-EDS applications and the window should therefore
exhibit a su�ciently high electrical conductivity to dissipate the charge.

1.4.2 State of the Art

X-ray transmission windows need to satisfy partly contradicting requirements,
namely the high x-ray transmission and the required mechanical stability and
integrity. Only few materials have been identi�ed that can comply to these re-
quirements. Beryllium has been and is being used for applications in ambient
environments, as well as for applications that do not require the detection of ra-
diation with an energy below 1 keV [22]. This limits the detection to elements
above sodium, making the detection of light elements including carbon, nitrogen
and oxygen impossible.

Beryllium is used due to its high mechanical strength, high gas tightness, high
light blocking ability, high electrical and thermal conductivity as well as high
chemical stability if treated with a protective layer [43, 44]. Beryllium has a low
atomic number (Z=4) and exhibits metallic properties with a high ultimate ten-
sile strength of 454 MPa [43]. Using metallurgical techniques, such as rolling, it
is possible to fabricate pin hole free beryllium foils with a thickness of 8 µm that
are gas tight. Be windows with a thickness below 8 µm are usually not gas tight
as the grain size of rolled beryllium is at a similar scale and di�usion along the
grain boundaries becomes predominant [45].

The limited choice of window materials becomes apparent if one considers the
downside of beryllium as a window material. Beryllium is toxic and seen as a seri-
ous health threat if inhaled [8]. Consequently, if the window ruptures, the detector
module has to be disposed of and the workplace decontaminated. Especially high
cost equipment, such as synchrotron beamlines, are a�ected from the down time if
a window breaks and the Be window therefore poses a liability to the continuous
operation. In addition, only very few suppliers for high quality beryllium foils are
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available resulting in a price that is signi�cantly higher than gold. Attempts using
alternative window materials such as polymers [46,47], silicon nitride (SiN) [42,48]
or synthetic diamond [49�51] have so far been unsuccessful as the windows lack a
su�ciently high mechanical strength and light blocking ability, making beryllium
unavoidable for most applications.

Low energy x-ray radiation is easily absorbed by most materials and if light
element detection is required the x-ray transmission window therefore needs to
be extremely thin. Consequently, alternative materials have to be used as the
thickness of Be windows cannot be decreased to the required values. The minimal
thickness is contradictory to the high mechanical stability that is required due to
the di�erential pressure load that acts on the window. One way to comply to the
stability requirements is by introducing a support structure that divides the open
window geometry into numerous window elements with a reduced span width.
The fact that the supporting elements cover a signi�cant amount of the window
geometry reduces the e�ective transmission area of the window. This signal loss
is quanti�ed by the �ll factor (FF) of the window, which relates the open window
area to the total area of the window. The FF therefore has a direct impact on the
detection e�ciency of the detector module [52].

Aside from a reduced signal transmission due to the incorporation of a support
structure, ultra thin x-ray transmission windows exhibit a reduced light blocking
ability for optical and infrared radiation due to their low thickness [47]. Addi-
tional light blocking layers are therefore required in order to shield the detector
from low intensity light sources, such as often encountered optical �uorescence
in SEM-EDS systems due to the electron beam interaction with the specimen
sample. The additional light blocking layer commonly consist of aluminium and
reduces the x-ray transmission of the window and leads to aluminium stray lines
in the spectrum due to x-ray �uorescence. Special low energy x-ray transmission
windows have been developed for light element detection but all exhibit signif-
icant setbacks such as a reduced temperature stability [53], low light blocking
capability [47] and reduced mechanical stability [52,53]. These disadvantages are
tolerated due to the lack of an alternative. Low energy x-ray transmission win-
dows fabricated from polymers [53] and SiN [42, 54] are available with the stated
disadvantages including a reduced gas tightness as soldering is not possible due to
the limited high temperature stability.

X-ray transmission windows for EDS applications can therefore be placed in two
categories, Be windows for energies above 2 keV and low energy x-ray transmission
windows for high-end applications that also require the detection of light elements
with characteristic x-ray emission energies below 2 keV. The current state of the
art of both will be elucidated in the following.
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1.4.2.1 Beryllium Windows

Beryllium x-ray transmission windows are the most common choice for applica-
tions requiring a high x-ray transparency for energies above 2 keV. As beryllium
is readily attacked by humidity in the air as well as oxidizing agents and acids,
protective coatings are available in order to protect the Be windows against chem-
ical attack [44].

Such windows are commercially available under the brand name DuraCoat
Beryllium and exhibit a slightly lower x-ray transmission than standard Be win-
dows [44]. Campbell et al. [55] have demonstrated that the passivation layer has
the same in�uence on the x-ray transmission as an additional 2.24µm of beryllium
that is added to the nominal window thickness. The simulated energy dependent
x-ray transmission of an 8 µm thick Be window and of an 8 µm thick DuraCoat Be
window, as they are commercially available with an open geometry of 7 mm, are
shown in �gure 1.10. The transmission data were obtained by simulating the x-
ray transmission of beryllium with a thickness of 8 µm and 10.24µm, respectively,
using the data provided by Henke et al. [17] in the form of a web applet supplied
by the Center of X-ray Optics (CXRO) at the Lawrence Berkeley National Lab-
oratory [38]. Both types of Be windows exhibit an x-ray transmission close to
100 % for energies above 3.5 keV, while energies below are increasingly absorbed
by the window material.

Figure 1.10: The energy dependent, transmission of an 8 µm thick Be window and
of an 8 µm thick, corrosion resistant DuraCoat Be window, for the energy range from
0.1 keV to 30 keV, are shown in a) as simulated with the web applet provided by
CXRO [38]. The low energy range from 0.1 keV to 2.5 keV is depicted in b) in more
detail.
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Be windows with a thickness of 8 µm and an open geometry with a diameter of
7 mm are speci�ed to withstand a di�erential pressure load of up to 2 bar and more
than 20k cycles of di�erential pressure loading with 1 bar of di�erential pressure
applied per cycle [44,56]. Be windows o�er a high temperature stability and allow
a soldering process to be used to join the Be window to the detector housing,
resulting in an excellent gas tight con�guration of the detector module. Helium
leak rates below 1 × 10−10 mbar l/s are achievable with Be windows, which is suf-
�cient to conserve the vacuum inside the detector housing. The metallic nature
of beryllium and the relatively large nominal window thickness of 8 µm results in
excellent light blocking capabilities of Be windows and are considered solar blind.
This allows a detector module that incorporates a Be window to be used in am-
bient daylight conditions without a deterioration of the detector performance.

The thin beryllium foils are fabricated by rolling and the thickness tolerance of
Be windows is speci�ed with -0/+5µm, which potentially leads to a lower x-ray
transmission for energies below 3.5 keV than expected [56]. The employed passi-
vation layer of DuraCoat Be windows exhibits a signi�cantly increased electrical
resistivity (< 4×104 Ω cm) compared to passivation free beryllium (4×10−6 Ω cm)
[43], but is still su�ciently high to avoid charging of the window during operation.
The properties of Be x-ray transmission windows are summarized in table 1.1.

Table 1.1: Summarized window properties of a commercial DuraCoat Be window
with a speci�ed thickness of 8 µm and a window diameter of 7 mm, as speci�ed in
the references [44,56].

X-Ray Window Property DuraCoat Beryllium

X-ray Transmission > 80 % for E > 1.7 keV

Pressure Stability > 2 bar

Helium Leak Rate < 1 × 10−10mbar L
s

Fill Factor 100 %

Pressure Cycle Fatigue > 20k cycles @ ∆p = 1 bar

Light Blocking Factor > 1011

Thickness Tolerance − 0 µm / + 5 µm

Chemical Resistance High

Electrical Resistivity < 4 × 104 Ω cm
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1.4.2.2 Low Energy X-ray Transmission Windows

Low energy x-ray transmission windows need to exhibit a high x-ray transmis-
sion for the energy range from 0.1 keV to 2.0 keV. This is necessary to identify
light elements including among others, boron (183 eV), carbon (277 eV), nitrogen
(392 eV), and oxygen (525 eV), which is not possible with Be windows. The win-
dow properties of low energy x-ray transmission windows based on a polymer and
silicon nitride window material, respectively, are discussed in the following and
the low energy x-ray transmission window properties summarized in table 1.2 at
the end of this section.

Polymer Low Energy X-ray Transmission Windows

Polymer windows were �rst introduced in 1982 and have been continuously im-
proved, making them the most commonly used low energy window for light element
detection [22]. The x-ray transmission is su�ciently high for energies below 2 keV
as shown in �gure 1.11 a) [53]. This is achieved by the use of low Z elements and a

Figure 1.11: The x-ray transmission of a polymer and a SiN, �uorescent blind,
low energy x-ray transmission window for the energy range below 2 keV are shown
in a) [53, 54]. The transmission of a Be window is included as a reference. The
measured optical transmission of a polymer x-ray transmission window, with an
aluminium light blocking layer, is given in b) for the wavelengths 350 nm to 850 nm,
with an average transmission of 3.3 %.

minimal window thickness. In order to provide the required mechanical strength
the window incorporates a silicon beam support structure with a FF of 77 % [52].
An SEM image of the support structure is shown in reference [57]. Polymer win-
dows with a window diameter of 6.2 mm are helium leak tight and withstand a
di�erential pressure of up to 2 bar, as well as 10k cycles of di�erential pressure
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loading with 1.2 bar. The high optical transparency of the polymer �lm requires
an additional aluminium light blocking layer, which also avoids charging of the
window. The resulting optical transmission of the polymer window including a
light blocking layer, is shown in �gure 1.11 b), with an average transmission of
3.3 % for the shown wavelengths. This is su�ciently high to block low intensity
light sources and the window is considered �uorescent blind [47]. The polymer
window properties are summarized in table 1.2.

Silicon Nitride Low Energy X-ray Transmission Windows

SiN low energy x-ray transmission windows have become available in 2013 and
exhibit an unprecedented x-ray transmission for energies below 2 keV, as shown
in �gure 1.11, high gas tightness and high mechanical strength [42,54]. The used
low stress SiN window material is supported by an 8 µm thick, polycrystalline
silicon support structure with a �ll factor of 77 % [42]. An SEM image of the
hexagonal support grid is shown in reference [57]. The high mechanical strength
of the SiN window material allows the window thickness to be reduced to 40 nm
while still withstanding a di�erential pressure of 3 bar for a window diameter of
6.2 mm [42, 54]. Cycle fatigue testing with a di�erential pressure of 1.2 bar and
a total number of 250k pressure cycles does not lead to window failure [42]. An
additional light blocking layer of aluminium is necessary due to the high optical
transparency of SiN to block low levels of light, also avoiding charging of the win-
dow. The used aluminium leads to unwanted stray lines due to x-ray �uorescence
of the aluminium. The light blocking ability is assumed to be similar to the val-
ues measured for the polymer window as SiN windows are considered �uorescent
blind. The SiN window properties are summarized in table 1.2.

Table 1.2: Summarized window properties of commercial, �uorescent blind, poly-
mer and SiN low energy x-ray transmission windows with a window diameter of
6.2 mm, as speci�ed in the references [42,53,54].

X-Ray Window Property Polymer Window SiN Window

Low Energy X-ray Transmission High Highest

Pressure Stability > 2 bar > 3 bar

Helium Leak Rate < 1 × 10−10mbar L
s

< 1 × 10−10mbar L
s

Fill Factor 77 % 77 %

Pres. Cycle Fatigue @ ∆p = 1.2 bar > 10k cycles > 250k cycles

Light Blocking Factor > 16 unknown
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1.5 Graphenic Carbon: An Alternative to

Beryllium

Beryllium is known to cause berylliosis if inhaled making the fabrication, handling
and disposal of EDS detector modules that incorporate a Be window a potential
health threat. Beryllium inhalation can lead to a chronic sarcoidosis of the lung
as well as acute reactions [58]. A thorax x-ray image of a patient su�ering from
berylliosis after beryllium exposure is shown in �gure 1.12 [59].

Figure 1.12: The x-ray image of the thorax of a patient su�ering from chronic
berylliosis is shown. The left and right lung of the patient show in�ammatory
nodules (granulomas) that are a reaction to the beryllium exposure and ultimately
led to a restrictive lung disease. The image was taken with permission from reference
[59].

The partly contradicting requirements and tight speci�cations of x-ray trans-
mission windows results in the fact that most x-ray transmission windows are still
being fabricated from beryllium foils, despite the health risks, due to the high
performance of Be x-ray transmission windows and the lack of alternative window
materials.

This work proposes the use of graphenic carbon (GC) as a novel window material
as elucidated in the following.

22



1.5 Graphenic Carbon: An Alternative to Beryllium

1.5.1 Graphene: The Ideal Window Material?

The fabrication of monolayer graphene �lms by Novoselov and Geim in the year
2004 complemented carbon nano tubes and fullerenes in the family of sp2 bonded
carbon allotropes [60]. The impressive properties of graphene has led to intense
research and high expectations for graphene based electronics. More than 10 years
later, the enthusiasm has slowed down as more and more drawbacks are being iden-
ti�ed which hinder the use of graphene as a semiconductor material [61,62]. What
remains untouched are the remarkable physical properties of monolayer graphene
such as an ultra high mechanical strength [63, 64], high chemical stability [65],
helium tightness [66] and high electrical conductivity [67]. This has sparked the
interest in graphene as a material for micro-electro-mechanical systems (MEMS)
and nano-electro-mechanical systems (NEMS) [68], membrane technologies [69],
energy storage applications [70], chemical sensors [71] and as a �ller material for
composite materials [72�74].

Monolayer graphene o�ers the highest yet discovered mechanical strength with
a Young's modulus of 1 TPa and an ultimate tensile strength of 130 GPa [63]. The
high stability arises from a purely sp2 bonded carbon network with the resulting
characteristic hexagonal honeycomb structure, as schematically shown in �gure
1.13 a).

Figure 1.13: The atomic structure of monolayer graphene is schematically shown
in a). The carbon atoms in graphene form a planar, hexagonal structure with a
de-localized π electron orbital, as indicated by the dashed lines and a carbon-carbon
bond length of 142 pm [75]. The number of graphene related, published patents for
the speci�ed year are visualized in b) [76].

Each carbon atom is bound to three adjacent carbon atoms and orientated in
a single plane. The graphene monolayer can be interpreted as the building block
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of carbon nanotubes, fullerenes as well as graphite, and exhibits a high chemical
stability and in-plane electrical conductivity [77]. The growing number of yearly
published patents that mention graphene, as shown in �gure 1.13 b), indicates
the gradual transition from fundamental to product orientated research. A steep
increase is visible after the year 2009 and it should be kept in mind that it com-
monly takes 18 months for the patent publication following the application.

If it is possible to exploit the published material properties of graphene, an
x-ray transmission window with an impressive performance would be possible, as
implied by the following considerations:

� The high mechanical strength of graphene would allow for an x-ray trans-
mission window with an extremely reduced window thickness, while still
complying to the mechanical stability requirements.

� The low atomic number of carbon (Z=6) would result in a high x-ray trans-
mission and even atomically thin graphene has been shown to be gas tight
[66].

� The high chemical stability and electrical conductivity of graphene would
allow the fabrication of a highly durable and conductive x-ray transmission
window.

Graphene was mentioned for the �rst time as an x-ray window material in a
patent in 2009, proposing to stack mechanically exfoliated graphene as a window
material for x-ray transmission windows [78]. None the less, a number of prob-
lems remain which explains the absence of x-ray transmission windows exploiting
the material properties of graphene. Foremostly, the synthesis of graphene is
still under investigation and the published material properties were all extracted
from high quality graphene obtained by mechanical exfoliation of highly ordered
pyrolytic graphite (HOPG), which is not available as a large scale production
method and only yields small samples of graphene. The second major obstacle is
the physical integration of graphene into an x-ray window con�guration that is
gas tight and of high mechanical stability.

Open Question: Graphene Synthesis

Various synthesis methods of graphene, aside from the �rst presented mechanical
exfoliation of HOPG by Novoselov and Geim in 2004 [60], have been proposed,
including among others, epitaxial growth on silicon carbide substrates [79,80], the
chemical reduction of graphene oxide [81], liquid phase exfoliation of HOPG [82]
and chemical vapor deposition (CVD) [83]. The quality of mechanically exfoliated
graphene excels with a low defect density and large regions of true mono-crystalline
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composition, which has made this the method of choice for fundamental research
and proof of concept device manufacturing [84]. Liquid phase exfoliation in com-
bination with liquid phase deposition presents an easily scalable synthesis scheme
but the resulting graphene �lms are of inferior quality [85]. The holy grail of gra-
phene synthesis is therefore the combination of high graphene quality and simple
fabrication, especially in regard to large scale processing. Chemical vapor depo-
sition is considered one of the most promising methods due to the high quality
of the obtainable graphene and the high level of scalability of CVD processing [83].

Chemical vapor deposition of graphene is based on the thermally activated
decomposition of a carbon containing precursor gas and ensuing graphene �lm
growth on a heated target substrate. Catalytic decomposition of the precursor
and catalytic �lm growth has proven to produce high quality graphene �lms on a
large variety of substrates [83]. An overview of the used catalytic materials and
deposition schemes can be found in reference [83]. The transition metals copper
and nickel are most commonly used and allow the relatively simple fabrication
of few layer or even single layer, high quality graphene [86, 87]. Surprisingly, the
�rst successful attempts at growing HOPG on transition metals has already been
demonstrated as early as 1969 and many of the theoretical considerations remain
valid [88]. Recently, graphene growth on hydrogen terminated germanium has
led to a high graphene quality which was attributed, among others, to the very
low adhesion between the resulting graphene �lm and the substrate surface [89].
The fact that the graphene material is grown on a catalytic growth layer implies
a necessary transfer to an insulating substrate for electrical applications such as
transistors and sensors. Various transfer schemes have been developed but all
deteriorate the quality of the graphene material, and are a signi�cant obstacle for
large scale processing and integration of graphene [90].

Open Question: Graphene Integration

Presuming a graphene synthesis process is available, the graphene material still
needs to be joined to the detector module housing in a gas tight, mechanically
strong and reliable fashion, in order to realize a graphene based x-ray transmission
window.

In a pioneering experiment, Bunch et al. [66] were able to seal micro cavities
with an area of 4.75µm2 and a depth of 380 nm with monolayer graphene, by
directly exfoliating HOPG onto a silicon dioxide substrate. The graphene layer
adheres to the substrate due to van der Waals forces and gas impermeability of
the membrane was shown. None the less, a slow di�usion into the cavity, inde-
pendent on the number of graphene layers that sealed the chamber, was observed.
Evidently a di�usion through the substrate or the substrate-graphene interface
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was taking place. Therefore, if graphene material is to be used as a hermetic seal,
not only the quality of the graphene is decisive, but also the substrate-graphene
interface.

Aside from the gas tight con�guration, the substrate-graphene interface needs
to be strong enough to support the large mechanical loads that result from a dif-
ferential pressure across the window. Experiments performed by Koenig et al. [91]
with monolayer and few layer graphene membranes showed that the attracting
van der Waals forces between graphene and a silicon dioxide substrate surface
are insu�cient to fully exploit the mechanical strength of graphene. The tested
graphene membranes delaminated from the surface prior to material failure, as an
increasing di�erential pressure was applied across the membrane.

The graphene integration into an x-ray window that can be joined to the mo-
dule housing is seen as a major obstacle as the graphene synthesis methods require
a transfer from the growth substrate to the desired target substrate. The adhe-
sion due to van der Waals forces is insu�cient and other alternatives such as
clamping would require extremely smooth clamping surfaces and have not been
demonstrated so far.

1.5.2 Proposal: Direct Graphenic Carbon Deposition onto

Silicon Substrates

In this work, the direct deposition of graphene onto a silicon substrate without
the use of a catalytic material such as copper, nickel or germanium is proposed. A
su�ciently high deposition temperature results in the formation of silicon-carbide
bonds at the interface which are much stronger than van der Waals forces and
would lead to an intrinsic, high adhesion of the graphene layer onto the silicon
substrate [92, 93]. The silicon substrate could subsequently be partially removed
using standard micro machining methods to form the free standing geometry of
the x-ray transmission window. The remaining silicon would form an integrated
window frame making the transmission window sturdy enough to be handled and
joined to the detector housing by soldering, as it is currently done with Be win-
dows.

Catalyst free graphene growth has been of interest as to avoid the transfer
process of CVD graphene, that has been grown on a catalytic substrate, to an
insulator substrate for device fabrication. Graphene growth on, among others,
silicon oxide [94], sapphire [95] and silicon nitride [96,97] has been evaluated and
discussed in literature. The absence of a catalytic growth layer results in a sig-
ni�cantly reduced size of the graphene grains and a higher defect density, which
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is problematic for electronic applications [84]. One advantage of catalyst free
growth is the achievable, large �lm thickness as the growth is by condensation
rather than segregation, as seen in nickel �lms, or surface adsorption, as it is seen
with a copper catalyst surface [92]. This is advantageous for the fabrication of
x-ray transmission windows, as the large opening dimensions requires a signi�cant
window thickness, even if the ideal mechanical properties of graphene are assumed.

The reduced grain size, of the catalyst free deposited graphene �lms, have led
researchers to use the terms nanographene [98] and polycrystalline graphene [99],
implying the structural di�erences to the general perception of graphene being
a single crystal. Following the suggestions of Bianco et al. [100] it is refrained
from using the discussed terms for a bulk material and instead the term graphenic
carbon (GC) is employed. Bianco et al. postulate the use of the terminology GC
for all bulk materials that are based on the graphene layer as the structural unit
and therefore contain largely sp2 hybridized carbon.

1.5.3 Graphenic Carbon as a Window Material

The question remains how the small grain size, which is found to be in the order
of below 14 nm, for catalyst free graphene growth, e�ects the mechanical strength
and gas tightness of the GC material [94, 95, 101]. Molecular dynamics simula-
tions of single layer, nanocrystalline graphene with an average grain size of 2 nm
by Zhang et al. [102] resulted in a Young's modulus of 432.26 ± 10.57 GPa and
an ultimate tensile strength of 26.86 ±1.12 GPa, instead of the introduced 1 TPa
and 130 GPa for monolayer, single grain graphene. Interestingly, the simulations
demonstrated that while nanocrystalline graphene exhibits reduced material con-
stants, the fracture behavior was insensitive towards defects below a certain length
scale and the critical stress for crack growth was found to be similar to single grain
graphene [103]. This is attributed to the e�ect of grain boundaries on the crack
propagation, a phenomenon that is known from ceramics [104].

While monolayer graphene has been shown to be helium gas tight, this is only
the case for single crystalline, defect free, graphene �lms. In fact, soon after the
�rst exfoiliation, graphene was proposed as an atomically thin anti-corrosion coat-
ing for materials such as copper, with seemingly promising results [105]. It was
only later discovered that the graphene coating actually had a decremental e�ect
in comparison to an uncovered sample due to gas di�usion along the grain bound-
aries and defects of the graphene �lm [106]. While this is true for atomically thin
�lms, it is assumed that a large number of overlapping graphene grains as well
as a certain amount of non-horizontally aligned carbon bonds should hinder gas
di�usion across a bulk GC �lm.
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The optical properties of the GC material are expected to be similar to those of
graphene as indicated by the work of Dovbeshko et al. [107]. Graphene is known
to have a high optical absorption of 2.3 % per atomic monolayer and the GC bulk
material thus assumed to exhibit a su�ciently high light blocking ability to avoid
the necessity of an additional light blocking layer.

The direct CVD deposition of GC onto a silicon substrate should therefore allow
to utilize the impressive properties of graphene to fabricate high performance x-
ray transmission windows. This would allow to �nally replace toxic beryllium
x-ray transmission windows with an abundant and safe carbon window.

1.6 Objective of the Thesis

The scope of this work is the fabrication and evaluation of a carbon x-ray trans-
mission window in order to �nally replace toxic beryllium as a window material.
Commercial 8 µm thick Be windows are used as a benchmark in order to asses the
performance of the proposed window material.
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2 Methods

The employed methods to evaluate the properties of the deposited GC material
as well as the performance of the GC x-ray transmission windows are introduced
and discussed in this chapter. This includes the measurement schemes as well as
the underlying theoretical considerations.

2.1 Evaluation Schemes for X-ray Transmission

Windows

The performance of the proposed and developed GC x-ray transmission windows
needed to be evaluated and the developed measurement schemes are discussed in
the following section. These include the x-ray transmission, mechanical strength,
helium leak tightness, optical attenuation and stability against ozone and x-ray
radiation of the GC x-ray transmission windows.

2.1.1 X-ray Transmission

The transmission of the x-ray transmission windows was determined by measuring
the signal intensity of an x-ray source with a windowless detector and comparing
it to the signal intensity while the x-ray transmission window was placed in the
x-ray signal path. Ideally one would use a "white" or tunable x-ray source in the
range of 0.1 keV to 2.5 keV as it is available from a synchrotron x-ray source. Due
to the absence of such, the characteristic emission spectrum of an EDS calibration
sample was used instead (BAM-EDS-TM002 [18]). The sample contains the ele-
ments carbon (C), manganese (Mn), copper (Cu), aluminium (Al) and zirconium
(Zr) and the spectrum therefore exhibits a number of well distinguishable emission
peaks within the energy range of 0.1 keV and 2.5 keV [40].

The measurement setup is shown in �gure 2.1 a). An SEM system with a dual
EDS detector con�guration was used. The electron beam was set to an accel-
eration voltage of 10 kV, which is su�ciently high to excite the elements of the
calibration sample. The resulting characteristic x-ray emission spectrum of the
sample was recorded simultaneously with two separate x-ray detectors. One of
the detectors was de�ned as the reference detector in order to compensate for
beam current variations and resulting di�erences in the emission spectrum, and

29



2 Methods

Figure 2.1: The used detector setup for the x-ray transmission measurements is
shown schematically in a). The emission spectrum was recorded simultaneously with
two EDS detector systems in order to calculate the energy dependent x-ray trans-
mission. The spectrum, as recorded with the reference detector, of the calibration
sample is given in b) and the corresponding, labeled peaks exhibit a high peak to
background ratio. The calculated, continuous x-ray transmission of a test window
with a GC thickness of 1 µm is shown in c). The vertical lines indicate the positions
of the peaks shown in b).

the other de�ned as the measurement detector. The reference detector was a com-
mercially available EDS system from Oxford Instruments (Oxford DryCol INCA
80 mm2 SDD), which was equipped with a polymer low energy x-ray transmission
window. The measurement detector was an AXAS-D system from Ketek with a
windowless detector module. The to be tested x-ray window was glued into the
cap of a TO8 housing which was subsequently placed on top of the windowless
detector module in order to determine the x-ray transmission.

The actual measurement was performed in two steps. A �rst reference measure-
ment with the windowless system and the reference system was simultaneously
taken, followed by a second simultaneous measurement, with the to be tested x-
ray window covering the windowless detector. The spectrum obtained with the
reference detector system during a transmission measurement is shown in �gure
2.1 b). The emission spectrum exhibits a high peak to background ratio and the
corresponding elements are labeled. The energy dependent transmission, denoted
as T(E), of the to be tested x-ray window was calculated using equation 2.1.
With IA1(E) denoting the energy dependent signal intensity of the windowless
detector A during the �rst measurement, IA2(E) denoting the energy dependent
signal intensity of the detector A with the to be tested window attached during
the second measurement, IB1(E) denoting the energy dependent signal intensity
of the detector B during the �rst measurement and IB2(E) denoting the energy
dependent signal intensity of the detector B during the second measurement. The
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two reference measurements with detector B were therefore used to calibrate the
intensity level of the two measurements obtained with detector A. This assumes
that the deviation of the emission signal had the same impact on detector A and B.

T (E) =
IA2(E) IB1(E)

IA1(E) IB2(E)
(2.1)

In general, it is possible to calculate a continuous transmission function using
the measurement data and the introduced equation 2.1. The result for a 1 µm thick
GC window is shown in �gure 2.1 c). The obtained transmission values exhibit
a poor signal to noise ratio which arises due to the fact that the signal intensity
is low for the peak free segments of the emission spectrum. The transmission
values are therefore, only calculated for the energies of the peak positions in the
emission spectrum of the calibration sample, which o�er a much higher signal to
noise ratio. The energy values are indicated in �gure 2.1 c) by the corresponding
vertical lines at 0.277 keV (C Kα), 0.637 keV (Mn Lα), 0.930 keV (Cu Lα),
1.49 keV (Al Kα) and 2.04 keV (Zr Lα). The discrete transmission values are
subsequently complemented with simulated transmission curves to evaluate the x-
ray transmission of the window [108]. Simulations were performed using the data
provided by Henke et al. [17] in the form of a web applet supplied by the Center
of X-ray Optics (CXRO) at the Lawrence Berkeley National Laboratory [38].

2.1.2 Mechanical Stability

The mechanical stability of the x-ray transmission windows was evaluated by
di�erential pressure loading. This includes the resilience against a gradually in-
creasing di�erential pressure load as well as cyclic pressure loading to determine
the e�ects of cyclic fatigue.

The resulting load that acts on the window is dependent on the open area of the
window and the applied di�erential pressure and is given for circular windows by
equation 2.2. With F denoting the resulting total load, ∆p the applied di�erential
pressure, A the window area and r the radius of the circular window.

F = ∆pA = ∆p π r2 (2.2)

The schematic cross section of an x-ray window under a pressure load is shown
in �gure 2.2 a). With r being the radius of the open, circular window and t the
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Figure 2.2: The schematic of an x-ray transmission window is depicted in a). The
thin window material is supported by a sturdy frame. The di�erential pressure load
typically weighs down on the window and the resulting mechanical load is dependent
on the radius r and the di�erential pressure ∆p. The implications that arise from
the downward pressure load is shown in b). The window is deformed and de�ected
downwards.

window thickness. A frame structure holds the thin window material in place and
gives the window the required ruggedness. This frame is also used to join the
window to the detector housing. The resulting stress within the window material
is dependent on the total load and the window thickness as stress is de�ned as
force per area and the window thickness determines the cross section area of the
window material.

Window failure occurs if the stress is larger than the ultimate tensile stress of
the material and the mechanical stability of the window therefore de�ned by the
ultimate tensile stress of the window material, the window geometry and the win-
dow thickness. The resulting load typically weighs down on the window and leads
to a de�ection and deformation of the window, which is schematically shown in 2.2
b). A bending moment results at the top of window material above the window
frame which results in an additional, localized stress and corresponding deforma-
tion of the window material. The stress distribution is therefore not homogeneous
within the window material but with a maximum near the window frame, with
signi�cant implications regarding the mechanical stability as will be discussed in
more detail in section 2.2.4 and section 2.3.

A vacuum test setup was designed to probe the windows with a di�erential
pressure of up to 950 mbar. This corresponds to the atmospheric pressure in
Munich, which is on average 951 mbar, based on the elevation of 515 m above
sea level. The schematic of the setup is shown in �gure 2.3 a). A Pfei�er MVP
035-02 diaphragm vacuum pump was used in combination with dosing valves to
regulate the low pressure side of the window by controlling the pumping capacity.
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Figure 2.3: The layout of the developed vacuum test setup is schematically depicted
in a). The window was placed on the o-ring of the sample holder for vacuum testing
and the low pressure side of the sample holder was manually regulated using the two
dosing valves. The di�erential pressure values during a vacuum test of a GC x-ray
transmission window is shown in b). The window did not fail due to the applied
di�erential pressure.

The di�erential pressure across the window was recorded using a pressure sensor
(DP101AEP Panasonic) with a speci�ed measurement range of−1 bar to 1 bar and
a repeatability of ±0.1 % full scale corresponding to ±2 mbar. Analog to digital
conversion was performed with a National Instruments 6008 USB box and the data
was recorded using a LabVIEW software environment. The di�erential pressure
was gradually increased by opening the dosing valve leading to the vacuum pump,
while the dosing valve leading to atmosphere was available to vent the low pressure
side of the sample holder. The to be tested window was placed on the seal and
the low pressure side pulled the window towards the sample holder during testing,
ensuring a su�ciently gas tight con�guration. The typical pressure recording of a
window that withstood the gradually increased di�erential pressure load until the
atmospheric pressure limit was reached is depicted in �gure 2.3 b).

Maximum Window Stability

The maximum pressure stability of the x-ray transmission windows was evaluated
by applying a gradually increasing di�erential pressure across the window until
window failure was induced. A second measurement setup was therefore designed
to allow for higher di�erential pressures in order to determine the burst pressure
values of x-ray windows that were larger than 950 mbar. The schematic of the test
setup is displayed in �gure 2.4 a). Compressed air was used to apply a di�erential
pressure across the window. The compressor supplied a pressure reservoir with a
maximum pressure of 7 bar. This could be reduced by a pressure reducer in order
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Figure 2.4: The layout of the pressure testing setup is schematically shown in a). A
compressed air reservoir was used to apply a di�erential pressure across the window
that was placed top down on the o-ring of the sample holder and was �xated by a
te�on inlay and aluminium back plate. A PC interface was developed to actuate the
3-way solenoid valve and record the di�erential pressure. The recorded di�erential
pressure during a burst pressure measurement of a GC x-ray transmission window
with a GC thickness of 580 nm and a diameter of 7.4 mm is shown in b). The window
failed at a di�erential pressure of 4 bar.

to allow for a �ner pressure regulation by the dosing valve that was placed in-line
to the compressed air supply.

A solenoid 3-way valve was chosen instead of a manual venting valve, which
allowed a software based actuation of the setup. The required driver circuit was
speci�cally designed and the solenoid valve was switched "on" for burst pressure
testing, connecting the compressed air supply to the sample holder and switched
"o�" in order to vent the low pressure side to atmosphere. The di�erential pressure
that acted across the window was recorded using a pressure sensor (DP102AEP
Panasonic) with a speci�ed measurement range of −1 bar to 10 bar and a re-
peatability of ±0.2 % full scale, corresponding to ±22 mbar. Analog to digital
conversion was performed with a National Instruments 6008 USB box and the
data was recorded using a LabVIEW software environment.

The to be tested x-ray window was placed "top-down" on the o-ring of the
sample holder. A Te�on inset was used in combination with an aluminium back
plate to press the window onto the o-ring. This was necessary to insure a gas
tight con�guration, as the high di�erential pressure load forced the window away
from the o-ring. The recorded di�erential pressure across an x-ray window during
burst testing is shown in �gure 2.4 b). The solenoid valve was switched on and
the di�erential pressure was gradually increased as the dosing valve was opened.
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The dosing valve was closed at given time intervals in order to verify the gas tight
con�guration of the sample holder. Large di�erential pressure loads frequently
required a re-tightening of the screws that press the back plate onto the x-ray
transmission window in order to obtain a gas tight con�guration. This was a
critical aspect as too much pressure from the back plate would break the window
frame. The di�erential pressure was increased until window failure occurred and
the maximum di�erential pressure was used as a characteristic value for the me-
chanical stability of the window.

A �gure of merit independent of the radius and the thickness of the window
was introduced in order to use the burst pressure value to compare the stability
of windows with varying opening diameters, due to either window design or pro-
cess variations, as well as di�erent window thicknesses. The �gure of merit was
developed based on the following considerations:

� The total load of the window is transferred to the window frame at the
anchor points of the window material.

� The load, denoted as F, therefore acts on the area that is de�ned by the
circumference, denoted as C, of the open window geometry and the window
thickness, denoted as t, for a circular window with the radius r.

The maximum stress, denoted as σmax, that results from the load that leads
to window failure and acts on the described area was therefore interpreted as a
�gure of merit for the stability of the x-ray window and calculated as described
by equation 2.3.

σmax =
F

C t
=

∆p π r2

2 π r t
=

∆p r

2 t
(2.3)

The calculated stress corresponds to the average ultimate tensile strength of the
material, as a homogeneous, perpendicular stress distribution across the de�ned
area was assumed during the calculation. The ultimate tensile strength of a ma-
terial is commonly used to identify the stress that is required to induce material
failure [109]. It should be noted that the calculated �gure of merit does not neces-
sarily describe the strength of the GC material itself as defects in the material are
assumed to locally reduce the mechanical stability, thus leading to early window
failure and a signi�cantly reduced value of the introduced �gure of merit.

Cycle Stability

Aside from the burst pressure value of an x-ray transmission window, the re-
silience against cyclic loading is also of interest as material fatigue is a common
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form of material failure [110]. Cyclic loading can lead to material failure even
if the resulting stress that occurs in the material for each cycle is much smaller
than the ultimate tensile stress of the speci�c material as fatigue failure occurs
due to the nucleation and gradual growth of microscopic cracks and dislocations.
An in-depth discussion about material fatigue is given in reference [110].

Cyclic fatigue testing of the x-ray transmission windows was performed by ap-
plying a di�erential pressure load across the window in a periodic manner. The
same measurement setup that was used for the burst pressure experiments (�g.
2.4) was used in combination with an automatic actuation of the solenoid valve.
The pressure reducer was used to set the maximum pressure while the dosing valve
was used to adjust the rise time of the pressure cycle. The pressure transducer
monitored the high pressure side of the sample holder and a LabVIEW program
was developed to actuate the solenoid valve if the desired maximum and minimum
pressure values were reached within the pressure cycle. The software includes an
integrity checking algorithm that stops the cycle test and closes the solenoid valve
if the window breaks. A speci�c number of cycles could be chosen or the program
would run until window failure. The program recorded the number of cycles as
well as the maximum and the minimum pressure per cycle and stored the values in
a data �le. The solenoid valve could operate with a speci�ed maximum frequency
of 20 Hz but the testing frequency was limited by the rise time of the pressure
within the sample holder. This was dependent on the angular position of the
dosing valve and absolute pressure of the pressure reservoir. Frequencies above
3 Hz resulted in a signi�cant pressure overshoot as such short rise times were only
achieved by a large over-pressure of the pressure reservoir due to the limited cross
section of the solenoid valve.

The di�erential pressure that acts across an x-ray window during the cycle
test, with the maximum di�erential pressure set to 3200 mbar and the minimum
pressure set to 100 mbar, is shown in �gure 2.5 a). The shown test was performed
with a cycle frequency of approximately 2.5 Hz. The behavior of the pressure as
the test parameters were being changed is demonstrated in �gure 2.5 b). The
set maximum value was successively changed from 1000 mbar to 2000 mbar to
2500 mbar and to 3000 mbar, leading to the shown pressure values. The pressure
of the pressure reservoir was increased at the time of 120 s, resulting in an increased
testing frequency but also in a slight overshoot of the reached maximum pressure.
During cyclic pressure testing, the maximum pressure value before closing the
solenoid valve and the minimum pressure before opening the solenoid valve was
recorded for each pressure cycle and the number of performed cycles stored in a
log �le.
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Figure 2.5: The pressure values during cyclic testing of a dummy window with a
maximum di�erential pressure per cycle set to 3200 mbar and the minimum value
set to 100 mbar, is shown in a). The resulting frequency was approximately 2.5 Hz.
The in�uence of the chosen parameters on the pressure cycles are demonstrated in
b). The maximum cycle pressure depends on the value set in the software, whereas
the cycle frequency depends on the position of the dosing valve and the overpressure
of the pressure reservoir.

2.1.3 Helium Leak Tightness

Helium is commonly used to evaluate the leak tightness of gas tight con�gurations
as it exhibits a high di�usion rate, is chemically inert and only present at a very
low concentration in the ambient environment as discussed in reference [111]. A
commercial helium leak tester (Pfei�er HLT 570) with a speci�ed minimal de-
tectable helium leak rate of 5 × 10−12 mbar l/s was used to measure the leak rates
of the x-ray transmission windows. The to be tested x-ray window was glued into
the cap of a TO8 housing, which was then placed in the sample holder of the
helium leak tester, as shown in �gure 2.6 a). The vacuum side of the helium leak
tester and a helium reservoir at atmospheric pressure are separated by the cap
and x-ray window. The helium detector is located within the vacuum side and
the pressure di�erence across the window results in a high helium concentration
gradient.

In order to obtain correct helium leak rate values, the helium di�usion through
the sample holder and the interface of the x-ray window and the cap has to be
minimized. The cap was therefore clamped by two sets of o-rings that are nitrogen
purged in order to rule out di�usion through the seals, and the used adhesive was
an epoxy with a very low gas di�usion rate that is commonly used for vacuum
applications. A slight di�usion through the adhesive was sometimes observed
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Figure 2.6: The schematic of the employed helium leak testing setup is depicted
in a). A large helium concentration gradient was induced across the to be tested
window and the di�usion rate measured by a helium detector. The helium leak rate
for a tested GC x-ray transmission window is shown in b). A slight helium di�usion
across the used adhesive appeared after 10k seconds of testing but was only observed
if an insu�cient amount of adhesive was used or the cross-linking was not conducted
in an optimal manner.

during long time measurements of the helium leak rate as shown in �gure 2.6
b). This occurred if an insu�cient amount of adhesive was used or the cross-
linking of the adhesive was not conducted in an optimal manner. Helium di�usion
through the window was ruled out as this behavior was also observed during some
of the helium leak rate measurements of very thin x-ray windows. The reduced
thickness of the window should have otherwise led to an increased di�usion as well
as a shorter time delay, which was not encountered.

2.1.4 Light Tightness

The light tightness of the x-ray transmission windows was evaluated depending
on the application of the x-ray transmission window. X-ray transmission windows
that are used in ambient lighting conditions need to be solar blind in order to
shield the SDD detector from optical and infrared radiation. An attenuation of
more than 1 × 1011 is seen necessary as discussed in Chapter 1.

Such high values of attenuation require a high e�ciency low light detector such
as a photomultiplier in order to measure the light intensity that passed the x-
ray window as it was illuminated with a white light LED source. A commercial
photomultiplier (Hamamatsu C10507-11-100C) with an active area of 1 mm2 and
a photon detection e�ciency of 45 % was used to record the ultra low intensity
light levels. The detectable light intensity was limited by the noise level of the
detector, which is speci�ed with a typical value of 900 kcps and a maximum value
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of 1500 kcps. Assuming an average energy of 1.84 eV per photon for the standard
AM1.5 spectrum with an illumination intensity of 1000 W/m2, results in a nominal
photon �ux of 1.22 × 1019 photons/s mm2 during direct sunlight illumination [112].
An attenuation of up to 4 × 1012 can therefore be measured with the used pho-
tomultiplier before the transmitted light intensity falls below the detection limit.
The to be measured x-ray windows were therefore illuminated and the intensity
of transmitted light recorded with the photo-multiplier. A second measurement
without illumination was taken in order to measure the dark count of the detector.

A more practical approach is to directly use the SDD as a low level light de-
tector. The energy resolution of the SDD is strongly dependent on the intensity
of the optical and infrared radiation, as the absorption leads to additional noise
generation. It is therefore possible to determine whether the x-ray window is suf-
�ciently light tight by measuring the energy resolution of the SDD detector under
illumination. The window is seen as solar blind if the energy resolution is not
altered due to the optical and infrared radiation. The resolution of the detector
module was determined by irradiation with a narrow band radiative source such
as a 55Fe isotope source, emitting MnKα radiation with an energy of 5.895 keV.
X-ray spectra were acquired with and without direct illumination of the detector
module and the FWHM value of the resulting MnKα peak, as it was obtained
from the detector readout electronics, was subsequently used to determine the
detector resolution.

Low energy x-ray transmission windows are designed for a maximum x-ray
transmission in the energy range below 2 keV and exhibit a reduced light blocking
capability due to the minimal window thickness. Attenuation factors of less than
100 are common and the resulting light intensity, that passes the low energy
x-ray windows, is too high to be measured with a photomultiplier [47]. The
optical transmission of the low energy x-ray transmission windows was therefore
measured with a commercial spectrometer (LD Didactic Compact Spectrometer)
that incorporates a silicon photodetector with a speci�ed resolution of 1 nm. The
window was illuminated with a halogen light source with a maximum intensity at a
wavelength of 580 nm and the optical transmission of the window was determined
by measuring the spectrum of the light source with and without a window placed
in front of the �ber input of the spectrometer.

2.1.5 Stability Against Ozone Exposure and X-ray

Irradiation

Ozone is known to attack carbon compounds and is therefore seen as a potential
threat to the integrity of carbon based x-ray windows. An ozone containing at-
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mosphere was generated by placing an ultra violet (UV) light source within an
air�ow that was directed at the x-ray transmission window under test. The UV
light source supplied a speci�ed power of 4.5 W for the 184.9 nm wavelength that
is relevant for ozone generation [113].

Radiation hardness is a crucial aspect for components that are used in an x-ray
environment and Zhou et al. [114] have shown that the integrity of graphene can be
deteriorated by soft x-ray radiation. The employed SDD detectors are guaranteed
to withstand an irradiation with 1 × 1012 photons with an energy of 30 keV, which
was subsequently seen as the minimum dose for the radiation hardness of an x-
ray transmission window. The window under test was placed at a distance of
4 cm from a commercial x-ray tube (Oxford Eclipse 3), that was operated at
an acceleration voltage of 30 kV and a current of 100µA. The resulting dose
per window area (for a window diameter of 7 mm) was calculated to be 9 × 108

photons per second. Irradiation of at least 18.5 minutes was therefore required
to obtain the minimum required dose to evaluate the irradiation stability of the
x-ray transmission window.

2.2 Evaluation Schemes for the Graphenic

Carbon Window Material

The carbon window material was deposited by a chemical vapor deposition pro-
cess and a detailed characterization of the material was necessary to optimize the
deposition process and in order to evaluate the quality of the deposited mate-
rial. A number of material properties were therefore determined, apart from the
discussed window properties. These include the surface morphology, the GC thick-
ness, the structural composition, the electrical conductivity and the mechanical
properties including the Young's modulus and the residual stress of the deposited
GC material.

2.2.1 Surface Morphology

The surface morphology of the deposited GC material is strongly dependent on the
micro-structure of the material and the deposition process. While HOPG surfaces
are atomically �at after cleaving, which is a result of nearly ideally orientated
crystallites of sp2 hybridized carbon atoms, isotropic pyrolytic carbon commonly
exhibits a spherical growth from nucleation sites with a higher resulting surface
roughness. Carbon black on the other hand is known for its low re�ectivity due
to a porous micro-structure and resulting low density. The analysis of the surface
morphology of the deposited GC material is therefore a simple way for a �rst
estimate of the material properties.
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Visual Characterization

GC is known to deposit with a high surface conformity and the use of prime wafer
grade silicon substrates results in an extremely smooth surface after deposition
[115]. The deposited GC samples should therefore exhibit a metallic luster with
high re�ectivity.

Optical Microscopy

Optical microscopy was used to evaluate the surface morphology. Particles and
surface deformations were identi�ed using this method, which allows a �rst evalu-
ation of the employed deposition parameters. A su�ciently high lateral resolution
allowed to evaluate the structuring process of the silicon bulk and GC window
material. A length calibration was performed and permitted the measurement of
the dimensions of the window geometry and back illumination of the free stand-
ing GC �lms was employed to verify the absence of pin holes prior to helium leak
testing.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used for high resolution imaging of the
GC surface and the window geometry. The used system (Hitachi S4500) allowed
a detailed evaluation of the surface morphology and window geometry. Cross
section images of the GC samples were obtained by breaking the GC coated silicon
substrates along the sharp edge of a glass substrate and was subsequently imaged
using a vertical sample holder.

Atomic Force Microscopy

The morphology and surface roughness of the deposited GC material was ana-
lyzed by tapping mode atomic force microscopy (AFM) measurements [116, 117].
Tapping mode AFM o�ers high resolution 3D imaging by scanning the surface
of a sample with the atomic tip of an oscillating cantilever [118, 119]. The inter-
action between the cantilever tip and the sample surface results in a force that
in�uences the resonance frequency of the cantilever. The change in amplitude and
phase of the oscillation is therefore a measurement of the tip surface interaction.
Topographical information of the surface is extracted by implementing a control
loop that keeps the oscillation amplitude of the cantilever constant (constant force
mode) by altering the tip to sample distance. The low frequency vertical motion
of the cantilever is subsequently used to map the topography of the surface.

The obtained height values were used to determine the surface roughness of the
sample [120]. A commonly used characteristic value is the root mean square (RMS)
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Figure 2.7: Atomic Force Microscopy was used to evaluate the surface morphology
and surface roughness. A 10 µm × 10 µm AFM surface image of a quartz microscope
slide is shown in a), of a polished quartz wafer in b) and of an extremely smooth
TXRF quartz sample holder in c). The corresponding RRMS values are given below
the images and are in line to the observed surface morphology.

value of a surface. Equation 2.4 shows the used calculation method with n denoting
the number of sampling points and z the corresponding height values [117]. The
RRMS value is therefore the standard deviation of the distribution of measured
height values.

RRMS =

(
1

n

n∑
i=1

z2i

) 1
2

(2.4)

The exemplary surface morphology and the extractedRRMS values of the surface
roughness for three di�erent types of quartz substrates, as obtained with the used
AFM system (Bruker Dimension Icon), are shown in �gure 2.7. A large di�erence
in the surface morphology is visible. The quartz slide (a) exhibits a high surface
roughness (RRMS = 4.96 nm), whereas the surface of a polished quartz wafer (b) is
much smoother (RRMS = 0.81 nm). Individual scratches from the used polishing
slurry are visible. The third image (c) is from an ultra smooth quartz sample
holder as it is used for total re�ection x-ray �uorescence spectroscopy (TXRF),
which requires an extremely smooth surface (RRMS = 0.459 nm). Line artifacts
in the image are assumed to arise from the approaching resolution limit of the
used imaging system. The demonstrated surface images of the quartz samples
shows the capability of the used AFM measurement system in order to quantify
the surface roughness.
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2.2.2 Raman Spectroscopy of the Graphenic Carbon

Window Material

Organic molecules exhibit a strong Raman signal, which has made Raman spec-
troscopy an important method for the analysis of carbon allotropes, including
carbon nanotubes and graphene as well as other forms of carbon [121]. Raman
spectroscopy is a non-destructive method of characterizing the deposited GC �lms
and the theory and measurement scheme is discussed brie�y.

A narrow band excitation source is used to illuminate the material of interest
and a spectrometer employed to determine the wavelength dependent intensity
of the returned light. Inelastic scattering leads to a characteristic wavelength
shift, which can be associated with a speci�c binding type and scattering event.
In the case of carbon allotropes, this allows the distinction between sp2 and sp3

hybridization [122], o�ers information regarding the structural composition [123]
and is also sensitive to geometric di�erences such as the diameter of carbon nan-
otubes [124] and number of layers of graphene sheets [125].

Raman spectroscopy was conducted with a commercial Raman spectrometer
from B&W Tek (inno-Ram-532H) with an excitation wavelength of 532 nm, a
speci�ed spot size of 10µm and a maximum optical output power of 50 mW. The
used Raman spectrometer is schematically shown in �gure 2.8 a). The Raman
spectrum of the deposited GC material is dominated by the Raman signal of sp2

hybridized carbon as it is resonance enhanced compared to the response of the
sp3 hybridized carbon [126]. This leads to three dominant peaks, which are a
result of the relative motion of sp2 bonded carbon atoms (D-Peak), of the ra-
dial breathing mode of the typical sp2 carbon hexagonal ring (G-Peak) and for
su�ciently ordered pyrolytic carbon, a second order Raman feature that results
from the same mechanism as the D-Peak (2D-Peak) [122, 127]. The position of
the G-Peak is independent of the used excitation wavelength while the D and 2D
peak are energy dispersive, as their position varies with the energy of the incident
photons [126]. An excitation source with a wavelength of either 514 nm, 532 nm
or 633 nm is commonly used for the analysis of graphitic carbon while UV Raman
Spectroscopy with a wavelength of 229 nm or 244 nm is more suited for carbon
compounds with predominantly sp3 bonded carbon [127]. The following discus-
sion and peak positions, are applicable for Raman spectroscopy with a wavelength
of 532 nm, unless otherwise noted.

An integration time of 10 minutes was chosen for the GC samples and a dark
measurement performed prior to the spectrum acquisition in order to increase the
signal to noise ratio. A typical Raman spectrum, as it is obtained for GC that
has been deposited onto a silicon substrate, is given in �gure 2.8 b). The D and
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Figure 2.8: The used Raman Spectrometer is schematically shown in a). A laser
diode with a wavelength of 532 nm was used as an excitation source and focused
onto the sample with a microscope objective. The returned light was analyzed by
a spectrometer and the spectral intensity distribution subsequently evaluated. A
typical Raman spectrum of the GC material is given in b). The D-,G- and 2D-Peak
positions are indicated.

G-Peak at 1365 cm−1 and 1595 cm−1 respectively, are clearly visible while the 2D
Peak intensity, at a wave number of 2683 cm−1, is low but still distinguishable.The
observed Raman features are a result of the atomic structure of the GC material.
Theoretical models that explain the signal formation have been developed and are
available for interpretation of the Raman spectra and will be brie�y discussed in
the following.

The D-peak, located at a wave number of approximately 1360 cm−1, is a defect
induced Raman feature of sp2 hybridized carbon [128, 129]. A perfect hexagonal
carbon lattice therefore does not exhibit a D-peak feature in the Raman spec-
trum [130]. The intensity of the D-peak, compared to the other Raman features,
is therefore commonly used as a �gure of merit for graphene synthesis and transfer
processes [125]. The interpretation of the D-peak intensity becomes more com-
plex if polycrystalline and amorphous carbon containing materials are probed as
described by Ferrari et al. [122].

The G-peak feature arises from the radial breathing mode of the hexagonal
structure of sp2 hybridized carbon and the existance of a G-peak feature is seen
synonymously to the presence of sp2 hybridized carbon [130]. The intensity ratio
of the D- and G-peak is therfore generally used to quantify the defect density in
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graphitic materials [130].

The Tuinstra-Koenig model (TK-model) relates the intensity of the G-Peak and
D-Peak to the grain size of graphitic materials, as shown by equation 2.5 [131].
With La denoting the crystallite size, C(λ) an excitation energy dependent con-
stant and I(D) and I(G) the signal intensity of the D-peak and G-Peak, respec-
tivly. The relationship is dependent on the used excitation wavelength of the
Raman spectrometer and results in a value of C(532 nm) = 4.96 nm for the
used equipment [132]. More recent work has shown that this relationship is not
valid in a general manner but depends strongly on the type of the carbon mate-
rial [122,123,133]. The shown TK-model relation is seen applicable for a crystallite
size above 2 nm and for materials with a high proportion of sp2 hybridized car-
bon [122].

I(D)

I(G)
=

C(λ)

La
(2.5)

The development of the 2D-peak is attributed to the overall level of graphitiza-
tion corresponding to a high ordering and planar orientation of the sp2 hybridized
crystallites, as the formation of the 2D-peak is highly sensitive towards disorder
along the c-axis of the graphitic material [130].

Fitting the theoretical peak components to the obtained Raman spectrum is
necessary in order to quantify the data, making the data available for comparison
and analysis. Unless otherwise stated, the obtained data is normalized to the in-
tensity of the Raman feature with the highest intensity of the obtained spectrum,
which is in most cases the G-peak. This rules out the impact of altering signal
strength which can be dependent on the sample position and optical properties.

Ferrari et al. postulate in reference [122] that any form of sp2 hybridized carbon
can be �tted by using a Lorentzian peak shape (equation 2.7) for the D-Peak and
a Breit-Wigner-Fano (BWF) peak shape (equation 2.6) for the G-Peak with I0 de-
noting the peak intensity, ω0 denoting the peak position, Γ denoting the FWHM
and Q−1 denoting the Breit-Wigner-Fano coupling coe�cient. The BWF peak
shape has the advantage of covering trailing peaks that are normally found on the
right and left side of the G-Peak and is therefore an elegant alternative to a peak
�tting with four instead of the postulated two peaks. It is stated by Ferrari et
al. [122] that the choice of the peak shape is not possible a priori which means
that the peak shape evolution is not fully understood.
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Fitting was performed with Matlab utilizing the curve �tting package. The
standard deviation of the G-Peak position, as measured on the same sample, was
found to be 0.97 cm−1 for the used Raman spectrometer.

I(ω) =

I0

[
1 +

2(ω − ω0)

QΓ

]2
1 +

[
2(ω − ω0)

Γ

]2 (2.6)

I(ω) =
I0

1 +

[
2(ω − ω0)

Γ

]2 (2.7)

2.2.3 Thickness Measurements

The window thickness is a crucial aspect as it determines the x-ray transmission
and mechanical stability of an x-ray window for a given window material. The
thickness measurement is also a prerequisite in order to determine the deposition
rate during the development of the deposition process.

The GC thickness was measured by removing parts of the thin GC material
and measuring the height of the resulting step between the substrate and the
GC material. The processing steps involved in structuring the GC material are
schematically shown in �gure 2.9 a). The GC coated silicon sample shown in
sub-�gure i) is cleaned with acetone and isopropanol to remove any residues in
order to avoid adhesion problems. Radio Frequency Magnetron sputtering is used
in combination with a shadow mask to partially cover the surface with a 100 nm
thick titanium layer as depicted in sub-�gure ii). An oxygen plasma treatment
was subsequently used to remove the GC material that was not protected by the
titanium mask as shown in sub-�gure iii). A microwave plasma system was used
with a high resulting GC etch rate of approximately 100 nm/min. The titanium
masking layer was �nally removed with hydro�uoric acid after visual inspection
veri�ed the complete removal of the GC material as shown in sub-�gure iv). A
micrograph of the sample surface after the structuring process of the GC layer is
depicted in �gure 2.9 b).
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Figure 2.9: The process steps required for the step fabrication of the GC window
material are schematically depicted in a). The carbon coated substrate was cleaned
(i) and a titanium mask subsequently deposited onto the GC surface (ii). Oxygen
plasma was employed to remove the uncovered GC material (iii) and the titanium
was removed by a hydro�uoric acid bath (iv). A micrograph of the surface after the
structuring process is shown in b). The top left of the image shows the bare silicon
substrate while the bottom right is still covered by the GC material. The step is
indicated by the arrow.

Atomic Force Microscope Measurements

AFM measurements were performed to determine the height of the fabricated
steps of the GC material. The used AFM (Bruker Dimension Icon) has a vertical
range of up to 12µm, which is su�cient for the thickness measurements. A mea-
sured line pro�le is shown in �gure 2.10 a). The line pro�le was extracted from the
3D data shown in �gure 2.10 b). The large measurement area of 30µm × 30µm
requires a scanning time of approximately 30 min due to the slow scanning speed
of the AFM tip in order to avoid damage to the extremely sharp tip. The step
transition separates the smooth silicon surface (left) and the smooth carbon sur-
face (right). The step transition exhibits a rough surface due to the attack of
the oxygen plasma in contrast to the carbon material that was covered by the
titanium mask. A large scanning area is required in order to cover the complete
step transition and to verify that the horizontal plateau of the carbon surface is
the actual �lm height. The step height was extracted from the line pro�les by
setting the lower plane to zero and determining the height of the GC plane.

The AFM measurement scheme was found to be highly reliable for thicknesses
below 800 nm but measurements of thicker samples led to a large deviation from
measurement to measurement. In addition, the measurement and setup time for
the AFM measurements is long which makes the thickness measurements a very
time consuming task.
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Figure 2.10: The extracted line pro�le across a measured step of the carbon mate-
rial is shown in a). The corresponding 3D representation of the data obtained during
the 2D scan of the carbon step is depicted in b). The left side of the image shows
the silicon surface and the right side shows the carbon surface. The step transitions
is seen in-between.

White Light Interferometry Measurements

As an alternative, an optical measurement setup was developed in order to mea-
sure window thicknesses above 800 nm and to reduce the required measurement
time. Common, single wavelength, interferometric sensor systems are known for
an extremely high resolution but are limited to continuous surface pro�les as the
unambiguous measurement signal repeats after a measurement range of λ/2 [134].
White light interferometry (WLI) overcomes this problem by employing a number
of light sources with varying wavelengths and evaluating the wavelength depen-
dent light intensity of the returned measurement signal [135]. The measurement
setup of the used optical displacement sensor (Keyence SI-F01) is schematically
depicted in �gure 2.11 a).

A light source with a spectral range from 810 nm to 830 nm and an output
power of 0.6 mW is used and the emitted light coupled into an optical �ber. A
�rst reference re�ection occurs at the sensor head at the end of the optical �ber.
This reference signal and the measurement signal, which is re�ected at the sample
surface, is focused onto a di�raction grating that splits the signal into its spectral
components by re�ecting them onto a Charge Coupled Device (CCD) detector.
The signal intensity of the pixels of the CCD detector are mapped to a speci�c
wavelength and the resulting intensity distribution is used to determine the dis-
tance between the sensor head and sample surface. The underlying e�ect is the
interference between the reference signal and measurement signal, which leads to
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Figure 2.11: A schematic of the used optical displacement sensor system is given in
a). The distance between the reference plane at the end of the sensor head and the
sample surface was measured. The employed dual sensor head setup is schematically
shown in b) and allows a di�erential measurement scheme as shown in sub-�gure i).
The sample was placed in the sample holder depicted in sub-�gure ii), and sub-�gure
iii) depicts the designed dual sensor head holder. The sample holder passes through
the gap between the two sensor heads during the measurement.

di�erent path lengths requirements, for the di�erent wavelengths of the light, in
order for constructive interference to occur. The used WLI sensor therefore allows
absolute distance measurements for a large unambiguous measurement range of
1.05 mm with a high resolution of 1 nm. The used system o�ers a spot size of
20µm and a maximum sampling frequency of 5 kHz.

A dual sensor con�guration was developed which allows a di�erential height
reading. This has the advantage of canceling out any vertical motions, such as
vibrations, of the sample. A schematic of the con�guration is shown in the sub-
�gure i) of �gure 2.11 b). The two sensor heads are placed at a �xed position
facing each other with an overlapping measurement range. The sample that is to
be measured is passed through the gap of the two sensors, each of them recording
the measured distance between the sensor head and the sample surface, denoted as
s1 and s2. The sum of the two values is used as a reference value and subtracted
from the measurement signal h = s1 + s2 that is obtained while moving the
sample perpendicular to the sensor arrangement. The step height and thus the
�lm thickness is the absolute value of the measurement signal. The schematic of
the used sample holder is depicted in sub-�gure ii) of �gure 2.11 b). The window
or coated substrate is placed in the frame that is connected to an xyz stage (New-
port M-562-XYZ) that o�ers a motorized x and y axis (CONEX-TRA12CC) with
a lateral resolution of 1 µm. The schematic of the designed sensor holder is shown
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in sub-�gure iii) of �gure 2.11 b). The sensors are introduced from the bottom
and from the top and are each clamped by two plastic screws. The sample holder
moves the sample through the gap that is formed by the two sensors.

A LabVIEW program and measurement environment was developed by the
student Lukas Holzbaur. The program was designed to record the measurement
data of the displacement sensors, that was made available by the sensor controller
interface, and to control the x and y stepping motors of the motorized stage.
The software user interface was used to position the sample holder accordingly
and to de�ne the lateral step size, the number of averaged measurements taken
per step and the total length of the line scan. Data evaluation is included in the
software environment, allowing the user to �t a step function to the obtained data.
The resulting measured step height is displayed and the measurement data was
subsequently written to a desired data �le.

Line Pro�le Measurements

The measurement results obtained during the thickness measurement of an x-
ray window are demonstrated in �gure 2.12. In this case, the line scan moved
down a structured step, from the carbon material (left) onto the silicon substrate
(right). The determined step height and thus window thickness was 0.68µm.
Four successive measurements were taken, with a lateral step size of 5 µm and an
averaging of 10 measurement values per position. Inset i shows the low noise level
of the individual measurements with an approximate value of ±10 nm and a signal
spread of approximately 25 nm. Inset ii shows the standard deviation that was
calculated for the four measurements for each position. The value is below 11 nm
apart from the actual step region. The large deviation at the transition region
results from a lateral drift of the stage as can be seen in the main �gure. An
overshoot is visible at the abrupt edge transition, which is assumed to be a result
of optical e�ects due to the relatively large spot diameter of 20µm compared to
the lateral step size of 5 µm.

3D Topography Measurements

WLI microscopes have reached a technological maturity making them a versatile
tool for 3D topography measurements, o�ering a high vertical and lateral resolu-
tion [136]. The data is obtained by scanning the 2D surface of the sample and
determining the vertical height of the surface, pixel by pixel. A similar approach
is possible with the discussed white light interferometric displacement sensor in
combination with a motorized stage and suitable a software.
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Figure 2.12: Four successive di�erential thickness measurements of a GC �lm,
employing the dual sensor setup, are displayed. A low signal noise of ±10 nm was
identi�ed, as shown in inset i) o�ering a more detailed view of the measurements.
Inset ii) shows the standard deviation of the four measurements for each position. A
large value is only obtained at the step transition and results from the lateral drift
of the stage.

A single sensor holder was designed that was placed above the motorized stage.
The developed LabVIEW program was complemented by a 2D scanning mode.
The x and y dimensions of the sample area, the x and y spacings and the number
of averaged samples per height measurement are used to generate an automatic
scanning motion of the motorized stage. The displacement sensor is used to mea-
sure the height of each pixel, which is then used to reconstruct the topographic
information of the sample surface. The resulting 3D image of a structured window
�lm is given in �gure 2.13 a). The word KETEK was etched into a 1.2 µm thick
GC �lm until the silicon surface was reached. The scan size is approximately
80µm × 80µm and the 3D image can be used to determine the �lm thickness by
extracting a line pro�le. The line pro�le, as obtained by scanning across the letters
"T" and "E", is shown in �gure 2.13 b).
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Figure 2.13: The 3D reconstructed data of a structured surface region of a 1.2 µm
thick carbon �lm that has been deposited on a silicon substrate is shown in a). The
word "Ketek" was etched into the carbon �lm with an oxygen plasma treatment
and the extracted line pro�le across the letters "T" and "E" is depicted in b).
Features with a reduced height can also be measured as demonstrated by the 3D
reconstruction of a structured iron �lm with a height of 116.9 nm, as shown in c).
The corresponding line pro�le is given in d).
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The capability of the developed measurement system is demonstrated in �gure
2.13 c). A structured iron thin �lm with a height of approximately 100 nm was
deposited onto a silicon substrate. A measured height of 102 nm was extracted by
a 2D scan with a scan size of 300µm × 300µm. The step height was veri�ed by a
commercial Dektak pro�lometer and determined to be 116.9 nm, which veri�es a
high measurement accuracy of the developed system.

Electrical Conductivity based Thickness Measurements

An alternative thickness measurement scheme is to use the thickness dependent
conductivity of the deposited GC �lms in order to determine the �lm thickness. A
linear dependency of the conductivity and GC thickness was identi�ed and used
to determine the GC thickness. This method was employed to determine the
thickness distribution during the wafer scale deposition of the GC material. The
measurement scheme is discussed in section 2.2.5.

2.2.4 Mechanical Characterization

Mechanical characterization schemes are necessary for an in-depth understanding
of the GC window material.

Young's Modulus, Poisson's Ratio and Ultimate Tensile Strength

The Young's modulus, denoted as E, of a material describes the linear relationship
of elastic strain and stress as de�ned in equation 2.8, with σ denoting the stress
and ε the strain of the material [137]. Considering the uni-axial case, stress is
de�ned as the force, denoted as F, per cross section area, denoted as A, and strain
as the relative axial length change, as shown by equation 2.9 and 2.10, respectively.

E =
σ

ε
(2.8)

σ =
F

A
(2.9)

ε =
l0 − ∆l

l0
(2.10)

Elastic polymers exhibit a very low Young's modulus, for example the widely
used elastomer polymethylsiloxan (PDMS) has a Young's modulus of 0.36 MPa
to 0.87 MPa [138], whereas monolayer graphene exhibits a Young's modulus of
1 TPa [63]. While the Young's modulus describes the sti�ness of the material in
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the direction of stress and strain, the Poisson's ratio of a material is given by
the ratio of in plane and out of plane deformation as a material is compressed or
strained. A Poisson's ratio of 0.16 is assumed for the GC material as it corresponds
to the bulk value of graphite in the basal plane and has been proposed for graphene
[139, 140]. A high Young's modulus does not necessarily lead to a mechanically
strong material but a high ultimate tensile strength is also required. The ultimate
tensile strength is de�ned as the stress that needs to be applied in order to induce
material failure.

Residual Stress

The residual stress of a material is of special interest as it has a signi�cant impact
on the material properties and processability if it is deposited onto a substrate.
Residual stress is de�ned as the stress value that is present within the thin �lm
at ambient conditions [141]. Such stress arises, among others, from a lattice mis-
match in epitaxially grown �lms or from a di�erence in the thermal expansion
coe�cient (CTE) of the deposited �lm and the substrate, if the deposition takes
place at non-ambient conditions.

Depending on the application, tensile, compressive or stress free �lms may be de-
sirable. A high compressive stress is bene�cial for protective coatings as compres-
sive stress increases the hardness and scratch resistance, as exploited for modern
touch screen technologies [142], but compressive stress can also lead to delamina-
tion from the substrate [143]. Stress free �lms are required for large free standing
structures or for the fabrication of �at cantilevers [144], whereas a slight tensile
stress is bene�cial for membrane applications such as silicon nitride (MEMS) mi-
crophones or pressure transducers. This arises from the fact that compressively
stressed thin �lms buckle if free standing structures are fabricated, while a ten-
sile stressed �lm results in taut membranes that exhibit a reduced de�ection if a
di�erential pressure is applied [145,146].

2.2.4.1 Bulge Testing

Bulge testing is a commonly used method to extract the Young's modulus of a thin
�lm material [147]. The method is based on the pressure dependent de�ection of
a thin �lm membrane structure. Free standing membranes of the GC material are
fabricated as described in Chapter 4 and subsequently used to employ the bulge
testing technique. A di�erential pressure was applied across the free standing �lm
and the pressure dependent deformation of the thin �lm material is dependent
on the material properties. The mathematical models available to describe the
deformation of the tested material, and thus allow the extraction of the material
constants from the obtained measurements, are discussed in the following.
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Catlin et al. [148] developed a �rst model to describe the center de�ection of
round membranes in dependence of the bi-axial modulus of the material, the �lm
thickness, the radius of the membrane and the applied di�erential pressure. The
model is based on the assumption of a spherical bulge shape and a homogeneous
bi-axial stress and strain distribution throughout the membrane. This allows the
relatively simple extraction of the Young's modulus by simultaneously recording
the center de�ection and di�erential pressure using equation 2.11. With ∆p denot-
ing the applied di�erential pressure, t the �lm thickness, r the membrane radius,
ν the Poisson's ratio of the material, Y the bi-axial modulus of the material and
s the center de�ection. The bi-axial modulus is de�ned as E/(1 − ν), with E
denoting the Young's modulus and ν the Poisson's ratio of the material [149].

∆p =
8Y t

3r4
s3 (2.11)

The introduced model by Catlin et al. [148] ignores the fact that a truly bi-
axial stress and strain state is only present at the membrane center, whereas a
uni-axial stress and strain state exists at the membrane edges. The bulge model
has therefore been continuously improved by various groups based on energy min-
imization methods [150] and �nite element simulations [151], in order to obtain a
better model. Equation 2.12 shows the derived model for round membranes with
∆p denoting the applied di�erential pressure, t the �lm thickness, r the mem-
brane radius, σ0 the residual stress of the thin �lm material, ν the Poisson's ratio
of the material, E the Young's modulus of the material and s the center de�ection.

∆p =
t

r2
s

[
4σ0 +

7 − ν

3r2
E

1 − ν
s2
]

(2.12)

The idea of bulging long rectangular, instead of circular or square membranes
was introduced by Vlassak et al. [152] with the postulated advantage of a solely
uni-axial stress and strain state throughout the thin �lm, across the narrow region
of the membrane. It was shown that this is the case for rectangular membranes
with a side aspect ratio greater than four [153]. Using rectangular structures there-
fore avoids the transition from a bi-axial stress and strain state at the membrane
center to a uni-axial stress and strain state at the membrane edge. This leads to a
slightly di�erent relation between the applied pressure and resulting center de�ec-
tion as given by equation 2.13 with ∆p denoting the applied di�erential pressure,
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t the �lm thickness, r the membrane radius, σ0 the intrinsic stress of the thin
�lm material, ν the Poisson's ratio of the material, E the Young's modulus of the
material and s the center de�ection.

∆p =
t

r2
s

[
2σ0 +

8

6r2(1 + ν)

E

1 − ν
s2
]

(2.13)

The introduced models assume a stress free or taut thin �lm membrane. Com-
pressive stress of the thin �lm leads to buckling of the window material as the
substrate material is removed to fabricate the free standing membrane. Unfortu-
nately, carbon materials deposited from the gas phase at elevated temperatures
are known for their compressive stress including for example ultra-crystalline di-
amond and pyrolytic carbons, with some groups reporting residual compressive
stress levels of up to 85 GPa [154]. The wrinkles, that are subsequently formed in
the free standing GC material, have a signi�cant e�ect on the observed pressure
dependent de�ection of the thin �lm as discussed below while introducing the
developed measurement scheme.

Measurement Scheme

The discussed WLI sensor system (Section 2.2.3) was used in combination with
the discussed vacuum test setup (Section 2.1.2) in order to measure the di�eren-
tial pressure dependent center de�ection of a thin �lm membrane. The vacuum
sample holder was placed on an xyz-stage below the WLI sensor. The x and y
axis are motorized and allow a minimal step size of 1 µm. The di�erential pressure
that acts across the membrane was pre-set by regulating the pumping speed with
two dosing valves and recorded using a pressure transducer.

The center de�ection of the membrane was determined for a given di�erential
pressure by scanning across the window geometry by moving the stage below the
WLI displacement sensor. The schematic of the measurement setup is shown in
�gure 2.14 a). The stage movement was controlled by a PC user interface that
allows the simultaneous recording of the de�ection and di�erential pressure. The
introduced LabVIEW software environment was complemented by a script to au-
tomatically �nd the membrane center. This was achieved by scanning the pressure
loaded membrane in a cross wise manner until the point of maximum de�ection
was found. This is necessary as line pro�les across the membrane that do not in-
tersect the membrane center result in an incorrect measurement of the membrane
de�ection.
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Figure 2.14: The measurement principle during bulge testing is schematically
shown in a). A di�erential pressure ∆p is applied across the membrane geome-
try with the radius r and the membrane, with a thickness t, is de�ected downwards.
A WLI displacement sensor (Keyence SiF01) is used to scan across the membrane
geometry in order to acquire the membrane de�ection s. The wrinkles, that are
formed in a free standing GC �lm, are indicated. The obtained line pro�les of a SiN
test membrane with a diameter of 7 mm and a thickness of 400 nm are given in b)
for increasing di�erential pressures. The maximum, applied, di�erential pressure is
950 mbar and results in a center de�ection of approximately 350 µm. The extracted,
pressure dependent, center de�ection of the SiN membrane is depicted in c) and
the calculated strain-stress values of the SiN membrane material, as calculated with
equations 2.14 to 2.16 are shown in d).
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The developed bulge test setup was evaluated with a silicon nitride (SiN) mem-
brane in order to determine the feasibility of the proposed measurement scheme.
The thin �lm exhibited a slight tensile residual stress and is therefore seen com-
patible with the introduced models.

The measured membrane pro�les for increasing di�erential pressures of a SiN
membrane with a diameter of 7 mm and a thickness of 400 nm, are shown in �gure
2.14 b). The top most pro�le (red) is obtained without a di�erential pressure and
the de�ection increases as the di�erential pressure is increased up to a maximum
of 950 mbar. It should be noted that the di�erential pressure was set in a non-
monotonical order to rule out any hysteresis e�ects. The sensor signal is lost at
the edge of the SiN membrane as the large center de�ection results in a signi�cant
membrane slope towards the edges and the re�ected signal intensity is insu�cient.

The Young's modulus E and intrinsic stress σ0 of the material can be extracted
by applying equation 2.12, if the contributing values are known. The center de-
�ection s, the �lm thickness t, the di�erential pressure ∆p and the radius a of
the circular membrane geometry therefore have to be determined. A Poisson's
ratio of 0.23 for low stress SiN is found in literature [155]. The used WLI sensor
o�ers a high speci�ed resolution of 1 nm and the measurement of the de�ection is
regarded as highly accurate as the total center de�ection is in the order of several
hundred micrometers. The thickness of the membrane thin �lm was determined
as discussed in section 2.2.3 and an accuracy of approximately ±10 nm is seen as
realistic for the used measurement setup. The radius of the circular membrane ge-
ometry was measured with a calibrated optical microscope and as equation 2.12 is
highly sensitive on the radius a the radius, also measured using a pro�le scan with
the WLI sensor and a step size of 10µm. The measured radius is subsequently
assumed to be within ±5 µm of the real value. The applied di�erential pressure
was measured with a pressure sensor (DP101AEP Panasonic) with a speci�ed
measurement range of −1 bar to 1 bar and a repeatability of ±0.1 % full scale,
corresponding to ±2 mbar.

The center de�ection of the membrane at a corresponding di�erential pressure
was extracted from the line scans and shown in �gure 2.14 c). The obtained data
were �tted to the introduced de�ection model that led to equation 2.12 and re-
sulted in a Young's modulus of 262 GPa and a residual tensile stress of 87 MPa.
The �tting procedure was seen as highly accurate with an R-square value of 0.9999
and the previous considerations regarding the measurement accuracy of the indi-
vidual components of equation 2.12 resulted in an uncertainty of ± 8GPa for the
Young's modulus and ± 2 MPa for the residual stress. The extracted values
approach those found in literature as Edwards et al. [155] measured a Young's
modulus of 255 ± 5 GPa and a residual tensile stress of 114 MPa to 130 MPa for
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low stress silicon nitride �lms. The measurement system was therefore regarded
as su�ciently accurate for estimating the Young's modulus and residual stress of
a thin �lm material.

Measurements performed with the deposited GC material were �tted to the pre-
sented de�ection models but the results were inconsistent and the �tting of poor
quality. It was assumed to be a result of the compressive residual stress of the GC
material. It has been shown by Small et al. [150], that even if a large di�erential
pressure is applied across the membrane, the edge region still exhibits a signi�cant
amount of compressive stress and they concluded that the discussed models can-
not be used to extract the Young's modulus from compressively stressed thin �lms.

Therefore an alternative approach was chosen. The de�nition of the Young's
modulus is the ratio of strain and stress within the material as given by equation
2.8. If the stress and strain states of the membrane are known it is therefore possi-
ble to directly determine the Young's modulus of the material. Strain ε is de�ned
as the relative length change as described by equation 2.14 with b denoting the
length at a given load and b0 denoting the original length. Assuming a spherical
bulge shape, it is possible to calculate the arch length of the de�ected membrane
depending on the vertical de�ection of the membrane center. Geometric consid-
erations for the arch length of a sphere lead to equation 2.15 with b denoting
the arch length, s the center de�ection and r the radius of the circular membrane
geometry. A low di�erential pressure of 6 mbar was applied in order to smooth
the wrinkles and was considered a pre-loading step and the resulting de�ection
used for the calculation of the initial arch length b0.

ε =
b− b0
b0

(2.14)

b =
s+ r2

s
arcsin

(
2rs

r2 + s2

)
(2.15)

The stress of the GC material can be estimated by assuming a homogenous
stress distribution throughout the GC material and was calculated by equation
2.16, which is commonly used to determine the homogenous stress within the
material of a thin walled, spherical pressure vessel [150]. With σ denoting the ho-
mogeneous stress through out the material, ∆p the applied di�erential pressure, s
the de�ection, r the radius of the circular membrane geometry and t the thickness
of the membrane material.
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σ =
∆p(s2 + r2)

4st
(2.16)

The values of the stress (σ) and strain (ε) were subsequently used to calculate
the bi-axial modulus of the material. The calculated stress and strain values of
the bulged SiN membrane, for each of the applied di�erential pressures, are given
in �gure 2.14 d). The bi-axial modulus is therefore the slope of the resulting data
points. A linear �t is used and a bi-axial modulus of 297 GPa and a residual tensile
stress of 57 MPa extracted. Small et al. [150] developed equation 2.17 to derive the
Young's modulus, denoted as E, from the bi-axial modulus, denoted as Y, while
taking the transition from bi-axial strain at the membrane center, a to uni-axial
strain state at the membrane edge into account. Assuming a Poisson's ratio of
0.23 for low stress SiN, the measurement scheme results in a Young's modulus
of 242 GPa, which is close to the value obtained for the direct �tting approach.
The di�erence of approximately 8 % is assumed to arise from the assumption of a
spherical bulge shape and a homogeneous stress and strain distribution.

E =
1 − ν

1 − 0.241ν
Y (2.17)

Rectangular bulge structures were also probed in order to identify any di�er-
ences and possible improvements to the bulge setup. The uni-axial strain and
stress states of the membrane material results in a di�erent dependency of the
Young's modulus from the uni-axial modulus that is obtained from the extracted
strain-stress curve as described by Xiang et al. [153] with equation 2.18.

E = (1 − ν2)Y (2.18)

The proposed evaluation scheme allows the bulge testing of compressively stressed
thin �lms in a reproducible manner. The implications that arise from the com-
pressive stress need to be kept in mind during the interpretation of the bulge
test results of the GC material as the systematic error is unknown. In order to
obtain a better understanding of the implications of the compressive stress state
of the window material and as an alternative approach to determine the Young's
modulus, Raman spectrometry was used to probe the GC material.
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2.2.4.2 Stress Measurements using Raman Spectroscopy

Raman spectroscopy is a versatile tool for the analysis of the GC material and the
obtained data not only contains information about the structural composition, as
described in section 2.2.2, but Raman spectroscopy is also capable of probing the
stress state of the GC material.

While the position of the G-Peak feature is independent of the used excita-
tion wavelength, it is sensitive to the deformation of the atomic structure of the
carbon network [122]. This wave number dependency arises from the stress that
acts on the carbon bonds [156]. Interestingly, if we keep the de�nition of the
Young's modulus, as de�ned by equation 2.8, in mind it is possible to determine
the Young's modulus of the GC material by relating the stress induced Raman
shift to the applied strain [157]. Mohiuddin et al. [158] showed that an applied
bi-axial strain shifts the G-Peak position of monolayer graphene with a rate of
−62 cm-1/%. Theoretical work has shown that this is applicable not only to gra-
phene but also other forms of sp2 hybridized carbon containing compounds by
tracing the origin of the peak shifting to the Grüneisen parameter, relating the
lattice vibration frequencies to the volumetric change of the crystal lattice [159].
The slope of the strain induced shift of the G-Peak position, denoted as δωG/δε,
was shown to exhibit a linear dependency on the Young's modulus of the graphenic
material and can therefore be used to determine the Young's modulus of a sp2

hybridized carbon containing material [156]. The slope δωG/δε of the GC mate-
rial under bi-axial strain therefore needs to be identi�ed and the Young's modulus
could subsequently be estimated by equation 2.19, which relates the observed Ra-
man shift of the GC material to the Raman shift of graphene by normalizing the
δωG/δε of graphene with the Young's modulus of graphene (1 TPa) [158].

EGC =
δωG−GC/δε

δωG−Graphene/δε
EGraphene =

δωG−GC/δε

62 cm−1/%
1 TPa (2.19)

A measurement procedure was developed which compromises of two stages:

� The pressure dependent strain of the membrane material was determined
in Stage 1. The discussed bulge test setup was used and the pressure de-
pendent center de�ection of the round GC membrane recorded for di�er-
ential pressures between 6 mbar and 950 mbar. The relative length change
of the membrane material was calculated using equation 2.15 and used to
determine the bi-axial strain state of the material at the given di�erential
pressure.
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� Raman spectra of the membrane center were taken at the evaluated di�er-
ential pressures in Stage 2. A photograph of the vacuum sample holder as it
is placed below the microscope lens of the Raman spectrometer, during the
measurements, is shown in �gure 2.15 a). The bi-axial stress state of the
membrane material was probed at the center of the membrane by acquir-
ing a Raman spectrum as schematically shown in �gure 2.15 b). A �tting
procedure was used to determine the G-Peak position for the correspond-
ing di�erential pressures and subsequently related to the determined strain
value. The slope δωG/δε was extracted by a linear �t of the obtained data
and used to estimate the Young's modulus of the GC material.

Figure 2.15: A photograph of the vacuum sample holder, as it is placed below
the microscope objective of the used Raman spectrometer, is shown in a). The
membrane geometry under a di�erential pressure load is schematically depicted in
b). The thin membrane material is de�ected downwards and results in an in plane,
bi-axial tensile strain state at the center of the membrane.

Raman measurements were also employed in order to probe the stress state of
the membrane material across the window geometry and the window frame. This
was employed to obtain a better understanding of the mechanical implications
that arise from the compressive stress state of the GC material.

The introduced vacuum sample holder was placed onto the xyz stage that has
been used for the bulge experiments. The motorized x or y axis was used to
determine the G-Peak position of the GC material along a line scan across the
window geometry. This was performed with an applied di�erential pressure as well
as in the relaxed membrane state and the obtained data were used to interpret
the stress and strain state of the de�ected GC material.
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2.2.4.3 Wafer Curvature Measurements

A common way to determine the residual stress of deposited thin �lms are curva-
ture measurements. The basic scheme is shown in �gure 2.16 a). A thin �lm that
is deposited onto a substrate results in a deformation if the stress of the deposited
�lm deviates from zero. Positive stress values are interpreted as tensile stress and
result in the upward bending of the substrate-thin �lm stack (i) whereas a nega-
tive stress value is interpreted as compressive stress, which results in a downwards
bending of the stack (ii) [160].

Figure 2.16: The implications of a thin �lm that is deposited onto a substrate
exhibiting a tensile residual stress is schematically shown in a)(i), and in a)(ii) for
a compressive residual stress. The measurement scheme of the sample curvature
using a WLI sensor is schematically depicted in b). Line pro�les of the surface
deformation were obtained by moving the sample below the displacement sensor
(Keyence Si F01). A sphere with radius R was �tted to the surface deformation.

A mathematical approximation of the observed curvature was published in 1909
by Stoney, following his work on the deposition of metallic �lms [161]. The amount
of deformation is dependent on the ratio of the substrate and thin �lm thickness,
the mechanical stability of the substrate and thin �lm, and therefore on the values
of the Young's modulus, and of the stress value of the thin �lm [162]. Stoney's
equation for the extraction of the �lm stress (eq. 2.20) is based on a thin �lm
approximation and it has been shown that serious errors are avoided if the thick-
ness of the substrate exceeds the thickness of the thin �lm by a factor of 10 [162].
With σ denoting the �lm residual stress, Ys the bi-axial modulus of the substrate,
ts the thickness of the substrate, tf the thickness of the thin �lm and K denoting
the curvature which is the reciprocal of the radius of the deformed substrate, as-
suming a circular shape of deformation.

σ =
Yst

2
s

6tf
K (2.20)
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A measurement scheme was developed to perform curvature measurements in
order to identify the stress of the deposited GC material. The employed measure-
ment scheme is given in �gure 2.16 b). The sample was placed on the motorized
xyz stage and the WLI displacement sensor used to acquire line pro�les across
the sample surface. A Matlab script was written in order to �t the obtained
data to a sphere with the radius R. Silicon substrates with a thickness of 500µm
and 250µm, respectively, were used and the thickness of the GC �lm measured
as discussed in section 2.2.3. The bi-axial modulus of mono-crystalline silicon is
dependent on the wafer orientation and for (100) orientated silicon substrates a
bi-axial modulus of 180 GPa was used [163].

2.2.5 Electrical Conductivity

The conductivity of the deposited GC thin �lms was evaluated by four-point probe
measurements using a commercial Jandel Four-Point Probing System. The mea-
surement principle is schematically shown in 2.17.

Figure 2.17: The employed four point probe resistivity measurement setup is
schematically shown for a probe spacing s and a sample with the lateral dimen-
sions a and d. A speci�ed current was driven through the outer probes and the
resulting potential di�erence between the two inner probes measured.

The outer two probes drive a current with a speci�ed value through the sample
and the inner two probes are used to measure the resulting potential di�erence.
Assuming an in�nite sheet size and and equidistant probe spacing, allows the sheet
resistance to be calculated by equation 2.21 [164]. With Rs denoting the sheet
resistance, V the measured potential di�erence between the two inner probes and
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I the current �owing through the two outer probes. The used system exhibits a
probe spacing s of 1 mm, probe tips with a large radius of 500µm and a low down-
ward weight of 20 g in order to avoid damaging the surface. The contribution of
the substrate is assumed to be negligible as high resistivity substrates were used
and the conductivity of the GC material is known to be high [165].

Rs =
V

I

π

ln2
=

V

I
4.5324 (2.21)

The presented equation 2.21 assumes an in�nitely large surface and care must
be taken when measuring samples with con�ned lateral dimensions. Depending
on the ratio of lateral dimension of the sample and probe spacing, di�erent cor-
rection factors have to be applied. The measured samples are either wafers with a
diameter of 150 mm or square samples with an area of 1 cm2. For the former the
ratio of the probe spacing to the lateral dimension is approximately 150, which is
su�ciently large and no correction factor is needed. For samples with a lateral size
of 1 cm the ratio is reduced to 10 and a correction factor of 0.93 is recommended
by Smits [164]. The sheet resistance is de�ned by equation 2.22 with ρ denoting
the bulk resistivity of the material and t the thin �lm thickness.

Rs =
ρ

t
(2.22)

It is therefore possible to deduct the bulk resistivity of the GC material from
the sheet resistance measurements, if the GC thickness is known or deduct the
GC thickness if the bulk resistivity is known, respectively.

The used four-point probe system allows multi-position measurements of the
150 mm wafers at prede�ned positions. This was used to measure the position de-
pendent sheet resistance and the introduced measurement scheme therefore allows
to evaluate the thickness distribution during the wafer scale deposition of the GC
material.

2.3 Finite Element Simulations

Multi-physics �nite element (FEM) simulations on a window geometry were per-
formed for a better understanding of the underlying mechanical dependencies
using the Ansys 14.5 Workbench simulation environment. The static-structural
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simulation scheme is employed to simulate the three dimensional stress and strain
state of the GC material. The derived material constants were used to identify
the in�uence of the compressive stress of the window material during the window
fabrication and di�erential pressure loading.

The window geometry was generated within the Workspace environment and
the required boundary conditions applied using the graphical user interface. Mesh-
ing was performed automatically and a high node density was required due to the
large aspect ratio of the very thin membrane and the macroscopically large lateral
dimensions of the window geometry.

The compressive stress of the GC material was generated by a pre-step prior
to the actual Static-Structural simulation. A steady-thermal simulation scheme
was developed that induces a compressive stress of approximately 400 MPa to
500 MPa. The stress level can be tuned by altering the temperature load or the
ratios of thermal expansion coe�cient (CTE) of the GC and substrate material.

The simulation results were analyzed in regard to the stress and strain state of
the GC material as well as the material deformation. The obtained 3D results are
vector quantities that comprise of magnitude and direction. Therefore not only
the magnitude of the stress and strain vectors are analyzed, but also the scalar
value of the corresponding equivalent or "von-Mises" stress and strain. The equiv-
alent values are calculated by determining the resulting distortion energy of the
vector quantities thereby deducting a scalar value independent of the orientation.
The equivalent stress and strain values are calculated according to equation 2.23
and equation 2.24 respectively.

σe =

√
1

2
[(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] (2.23)

εe =

√
1

2
[(ε1 − ε2)2 + (ε2 − ε3)2 + (ε3 − ε1)2] (2.24)
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The proposed GC window material was directly deposited onto silicon substrates
using a chemical vapor deposition (CVD) process. Theoretical considerations
regarding the deposition process are given and the development of the deposition
process is discussed in the following chapter.

3.1 Chemical Vapor Deposition of Graphenic

Carbon: Theoretical Considerations

Catalytic free, chemical vapor deposition of graphene is discussed in literature in
respect to the fabrication of transparent electrodes [165�167], Schottky junction
diodes [168], DRAM capacitors [115] and interconnects [169].

Interestingly, the catalyst free deposition of carbon materials from a carbona-
ceous gas phase has been studied for decades, for example in the form of pyrolytic
carbon (PyC) and pyrolytic graphite (PyG) deposition [170, 171]. Carbon gas
phase deposition from a carbon containing precursor gas results in carbon mate-
rials with largely varying properties, that strongly depend on the chosen deposi-
tion parameters. The deposited material ranges from insulating diamond [172] to
highly conductive graphene [83], from porous carbon black to high density graphite
and includes such intriguing micro-structure formations such as carbon-nanotubes
and fullerenes [173].

The observed material properties result from the hybridization of the carbon
atoms, which can be sp2, sp3 and even sp1, the level of incorporation of hydrogen,
which is always present during the pyrolysis of carbon containing precursor gases,
and the micro-structure of the material including density, crystallinity and the
crystallographic orientation of the crystallites [173]. The terminology used to
describe the composition of amorphous and disordered carbon material, in regard
to hybridization and hydrogen content, as described by Ferrari et al. [122], is
shown in �gure 3.1 a). Graphitic carbon contains almost purely sp2 hybridized
carbon while diamond like carbon is largely sp3 hybridized. Sputtered amorphous
carbon (a-C) and tetrahedral amorphous carbon (ta-C) exhibit an increasing sp3

content compared to graphitic carbon.
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Figure 3.1: The terminology used to describe amorphous and disordered carbon
materials based on their content of sp2 and sp3 hybridized carbon and incorporated
hydrogen, is schematically shown in a) and has been adapted and redrawn from
reference [122]. The micro-structure of HOPG and HT-PyC is schematically depicted
in b) and the individual grains of single crystal, hexagonal carbon networks are shown
as they are deposited onto a substrate.

Increasing hydrogen incorporation results in hydrogenated tetrahedral amor-
phous carbon (ta-C:H) and hydrogenated amorphous carbon (a-C:H) with mod-
i�ed properties such as a reduced electrical conductivity [174]. An even higher
hydrogen content leads to the formation of hydrocarbon polymers.

Extra dimensions are added if the crystallinity and crystallographic orientation
of the crystallites are taken into consideration, as the micro-structure of the carbon
material has a signi�cant impact on the material properties [173]. For example,
single crystal diamond is highly ordered and almost completely sp3 hybridized car-
bon [172] and as the grain size and ordering are reduced, nano-crystalline [175],
ultra nano-crystalline [176] and amorphous diamond like carbon are formed [177],
with varying material properties.

Highly ordered pyrolytic graphite (HOPG) is the sp2 hybridized pendant to
single crystal diamond and consists of almost perfectly stacked, large grain, sp2

hybridized carbon layers which leads to highly anisotropic material properties.
The crystallographic orientation and arrangement of the single crystal, hexagonal
carbon networks in HOPG in comparison to highly textured pyrolytic carbon (HT-
PyC) is schematically shown in �gure 3.1 b). The highly planar micro-structure
leads to the high in-plane electric and thermal conductivity as well as high me-
chanical strength of HOPG [170]. The highly ordered nature results in a low out of
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plane �exibility and low interlayer adhesion, as single layers can easily be cleaved
as demonstrated by the exfoliation of graphene mono-layers from HOPG [60]. HT-
PyC exhibits a slightly higher disorder [178]. While the carbon network is highly
ordered within the individual grains, the grain size is limited and the crystallo-
graphic orientation of the single grains shows an increased deviation between one
another, compared to HOPG. This results in an increased out of plane �exibility
as demonstrated by Guellali et al. [178].

The astonishing variability of the carbon family, even if the carbon allotropes,
nanotubes and fullerenes are left aside, results in a wide range of processing pa-
rameters that need to be controlled in order to obtain a material with the desired
properties. Pyrolytic carbon, especially if it is of a highly textured nature, is very
similar to the discussed GC material and the theoretical considerations regarding
the gas phase deposition of PyC are of great interest to the catalyst free deposition
of the postulated GC window material.

The molecular structure of typical gaseous precursors, that are used for the CVD
deposition of PyC materials, are schematically shown in �gure 3.2 a). Methane
(i), ethylene (ii) and acetylene (iii) exhibit an increasing carbon to hydrogen ratio
and a decreasing thermal stability, which means that pyrolysis takes place at lower
temperatures [179]. Ethanol (iv) incorporates a small amount of oxygen and has
proven useful for some applications such as carbon nanotube (CNT) growth [180].

The precursor gas acts as the feedstock for the carbon deposition from the
gaseous phase and a su�ciently high temperature is required to induce the ther-
mal decomposition (pyrolysis) of the used precursor gas. The resulting, complex,
gas phase composition depends on the processing parameters and the used pre-
cursor. The temperature dependent gas phase composition for the precursor gas
methane, in thermal equilibrium as simulated by Gueret et al. [181], is given in
�gure 3.2 b). The simulation takes �ve gaseous species into account and assumes
an atmospheric pressure and demonstrates the impact of the process temperature
on the gas phase composition. The fraction of methane (CH4) is gradually reduced
as the temperature is increased, while the hydrogen (H2) fraction grows monoton-
ically. The fraction of benzene (C6H6), ethylene (C2H4) and acetylene (C2H2)
also increases until approximately 1100 ◦C. The benzene and ethylene fractions
start to diminish as the temperature is further increased, while acetylene and hy-
drogen become predominant for temperatures above 1300 ◦C. It should be noted
that the simulated gas fractions are for an atmospheric pressure and at thermal
equilibrium, calculated by minimization of the Gibbs energy and no solid carbon
deposition was taken into account by Gueret et al. [181].
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Figure 3.2: The atomic structure of the commonly used precursor gases, methane
(i), ethylene (ii), acetylene (iii) and ethanol (iv) are schematically depicted in a).
The temperature dependent gas phase composition of the methane precursor at an
atmospheric pressure, as simulated by Gueret et al. [181], is given in b) and was
adapted and redrawn from reference [181]. The reactions governing the gas phase
evolution and solid carbon deposition scheme, as postulated by Becker et al. [182],
are given in c). Acetylene is seen as the major contributor to the deposition of solid
carbon [183].

The simulation results demonstrate the complexity of the gas phase evolution
that takes place in the hot reactive zone of the deposition system. The reactions
that occur within the gas phase, including the assumed deposition mechanism
for elemental carbon, indicated by C∞, as postulated by Becker et al. [182], are
shown in �gure 3.2 c). Interestingly, no direct carbon deposition from methane is
assumed to be possible and the solid carbon formation thought to predominantly
originate from acetylene, as discussed in the references [165, 183]. The high tem-
perature decomposition of methane to other carbonaceous gas species, especially
to acetylene, is therefore crucial for carbon deposition.
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The reaction rates for the transition schemes shown in �gure 3.2 c) are process
dependent and the resulting gas phase composition is therefore governed by:

� The process temperature, as demonstrated by �gure 3.2 b).

� The absolute process pressure as well as the individual partial pressures of
the gaseous components, which can be altered by introducing for example
additional hydrogen [182,184].

� The reactor geometry, which is commonly de�ned as volume per surface
area, which alters the amount of carbon that is withdrawn from the gas
phase [185].

� The residence time of the molecules within the gas phase, which describes
the time that is available for the gas phase reactions to take place before the
molecules leave the reaction volume. This was not taken into account in �g-
ure 3.2 b) as only the composition at the thermal equilibrium is shown. The
thermal equilibrium is only reached for very long residence times, whereas
low residence times shift the gas phase composition towards shorter hydro-
carbons and primary reaction partners [184].

The above considerations describe the reaction mechanisms that lead to the car-
bon deposition. Further complexity is added to the deposition process model if the
properties of the deposited carbon material are to be described. Di�erent growth
models have been developed to explain the mechanisms that govern the micro-
structure evolution. The growth models distinguish between two main modes of
carbon deposition that dominate, depending on the gas phase composition, as
postulated by Hu and Hüttinger [183]:

� Carbon deposition based on chemisorption of carbonaceous species at active
sites of the deposited carbon material. These are predominantly available
at the edges of the basal planes.

� Carbon deposition based on gas phase nucleation. Large polycyclic hydro-
carbons develop in the gas phase and are deposited on the substrate by
physisorption. The process can therefore be regarded as a condensation
process.

Chemisorption dominates at low pressures, low temperatures and short resi-
dence times, whereas the gas phase nucleation mechanism is predominant at high
pressures, high temperatures and high resident times, as described by De Pauw
et al. [186]. The micro-structure evolution is dependent on the dominant deposi-
tion mechanism and the encountered gas phase composition, but a highly laminar
micro-structure has been obtained for both growth regimes [186]. The evolution of
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a highly laminar micro-structure in a chemisorption governed deposition process
is obtained if an optimum ratio of cyclic hydrocarbons and linear hydrocarbons
are present in the gas phase. This is described by a particle-�ller model by Hu
et al. [183] and takes place at intermediate temperatures and pressures. The
nucleation based growth model results in a highly laminar micro-structure only
if planar, polycyclic hydrocarbons are present in the gas phase, which is di�cult
to predict in a general manner, but it is known to require high resident times [185].

Independent of the growth model, it is observed that higher processing temper-
atures result in larger grain sizes and an overall increase in a planar orientation
of the crystallites [123, 178]. In fact, high temperature post deposition annealing
at temperatures above 2500 ◦C of PyC materials leads to graphitization and a
micro-structure approaching that of HOPG [178]. Evidently, the high tempera-
ture allows a reorganization of the carbon material.

It was therefore the objective to identify a suitable CVD process that allows the
deposition of a GC material that exhibits a highly laminar micro-structure and
incorporates the desired, discussed properties of graphene. The direct deposition
on a silicon surface was assumed to result in an inherently high adhesion of the
GC material to the substrate due to the formation of strong silicon-carbon bonds
and poses a signi�cant advantage compared to a transfer mediated graphene inte-
gration. In a �rst stage, the proof of concept for a GC x-ray transmission window
was intended and an experimental CVD setup used to deposit the carbon material
onto 1 cm by 1 cm silicon substrates. The proof of concept stage was followed by
the development of a wafer scale deposition process. The employed equipment,
capable of processing silicon substrates with a diameter of up to 200 mm, would
allow to fabricate x-ray transmission windows on an industrial scale and therefore
demonstrates the scalability of the GC deposition.

3.2 Deposition Process for Single X-ray Window

Fabrication

An experimental CVD setup was utilized during the �rst stage, allowing the GC
material to be deposited onto silicon substrates with a size of 1 cm x 1 cm. This
permits the fabrication of single x-ray transmission windows without the implica-
tions of large scale processing such as inhomogeneous deposition rates and large
reactor volumes. The use of small substrates allowed a high throughput with a re-
duced consumption of resources. The schematic of the deposition system is given
in �gure 3.3.
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Figure 3.3: The schematic of the used experimental CVD equipment is depicted.
The precursor gas entered the heated reaction zone from the right and the process
pressure and gas �ow were regulated by the gas line dosing valves and the pumping
capacity. A magnetic loading mechanism was employed to transfer the substrate
into the reaction zone. The system was capable of low pressure processing at tem-
peratures of up to 1100 ◦C.

The system provided 3-zone resistive heating and was capable of process tem-
peratures of up to 1100 ◦C. Low pressure as well as atmospheric pressure CVD
was possible and the precursor gas, hydrogen, oxygen and nitrogen were available
as processing gases. A motorized throttling valve, placed in line to the vacuum
pump, was used in combination with a pressure gauge for pressure regulation.
This allowed to adjust the �ow rate of the processing gases, independently of the
process pressure, using the manual dosing valves for each of the gas lines. A man-
ual butter�y valve was available to realize high �ow rates at low chamber pressures
with a high pumping capacity.

The substrates were placed in the quartz shovel and were moved into the hot
zone by a magnetic loading mechanism. This allowed for high heating and cool-
ing rates and thus a high sample throughput. Oxygen was used to remove the
deposited carbon material on the quartz ware at temperatures above 600 ◦C. A
thermocouple was located outside of the quartz tube but within the resistive heat-
ing system and was used for temperature regulation.

3.2.1 Substrate Preparation

High resistivity (>20 Ω cm) p-doped, silicon wafers with a surface orientation of ei-
ther (100) or (110), a diameter of 150 mm and a thickness of either 250µm, 500µm
or 675µm, were cut into square, 1 cm by 1 cm samples using a wafer sawing sys-
tem. Current beryllium x-ray transmission windows exhibit a circular window
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frame that is subsequently soldered into the cap of the TO8 detector housing. In
order to directly evaluate the GC x-ray tranmsission windows, circular substrates
with a diameter of 9.75µm were also used. The required round, purchased, silicon
substrates were fabricated utilizing the stealth dicing technology and subsequently
available for GC deposition [187].

The individual silicon samples were cleaned using heated acetone and isopropanol
in combination with an ultrasonic bath in order to remove the resist layer, that
was applied to protect the wafer surface during sawing. A cleaning step compris-
ing of heated (H2O:HCl:H2O2) with a mixing ratio of (5:1:1) was performed in
order to avoid a reactor contamination with inorganic contaminants during the
deposition process.

The native silicon oxide that covers the surface of the silicon samples was re-
moved by a dip in hydro�uoric acid with a concentration of 5 %, immediately
before the GC deposition, in order to obtain an oxide free, hydrogen terminated
surface. The hydrogen termination of a silicon (100) surface is stable for sev-
eral tens of minutes before the hydrogen termination is lost and a native oxide
starts to form at ambient conditions [188, 189]. It was therefore seen necessary
to directly proceed with the deposition process in order to guarantee unhindered
silicon-carbide bonding during the GC deposition.

3.2.2 Deposition Process Scheme

The prepared silicon substrates were placed in the loading position of the reactor.
The magnetic loading mechanism allowed the hot zone of the reactor to remain at
the deposition temperature while loading and unloading the silicon samples. The
loading position was kept at room temperature throughout the deposition process
due to active water and air cooling.

The complete reactor volume was vented during the loading and unloading
process, and nitrogen counter-�ow purging employed in order to avoid the intro-
duction of ambient air into the reactor volume. The chamber was immediately
evacuated to a base pressure of below 1 × 10−1 mbar after loading the silicon sam-
ples and subsequently thoroughly purged with nitrogen gas. A leak test of the
reactor volume was performed after �ve minutes of purging. This was necessary in
order to rule out any leakages in the system and to avoid a gas phase contamina-
tion with ambient oxygen and water, which is known to a�ect the growth process
and could facilitate the formation of carbon soot particles during the deposition
process [190].

High purity hydrogen (99.9999 %) with a �ow rate of 250 sccm was introduced
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into the reaction volume, provided that the leak test was successful, and chamber
purging continued for an additional 5 minutes. High purity methane (Air Liquide,
99.9995 %) was employed as the carbonaceous precursor gas and introduced into
the reaction volume to initiate the deposition process.

3.2.3 Process Parameters

Following the theoretical considerations, introduced in section 3.1, the properties
of the GC material are strongly dependent on the deposition conditions. The in-
�uence of the individual process parameters were evaluated and are discussed in
the following.

The available process equipment allowed the following process parameters to be
manipulated:

� The process temperature

� The employed processing gases and resulting gas mixture

� The absolute process pressure

� The �ow rates of the processing gases

The complex interaction of the introduced parameters determined the gas phase
composition during the deposition process. Methane was chosen as the carbona-
ceous precursor gas as the pyrolysis of methane requires temperatures at and
above 1000 ◦C and higher temperatures are desirable for the deposition of highly
textured GC materials [186]. In addition, the high temperature necessary for the
methane pyrolysis was seen favourable for the formation of strong silicon-carbon
bonds, as discussed in section 3.1.

3.2.4 Process Development

The introduced theoretical considerations o�er an in-depth understanding of the
assumed deposition mechanisms and the in�uence of the individual processing pa-
rameters. None the less, the processing parameters are strongly dependent on the
used equipment and experiments were conducted in order to identify a parame-
ter set that results in the soot free deposition of a highly textured GC material.
For the following discussion, methane with a �ow of 30 sccm was employed as the
precursor gas, unless otherwise noted.
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Soot Formation

Soot formation is a common observation during the combustion and pyrolysis of
hydrocarbons and assumed to originate from gas phase nucleation and the sub-
sequent growth from heavy, polycyclic aromatic hydrocarbons (PAH) [191]. PAH
form during the pyrolysis of methane as described in section 3.1 and are a pre-
requisite for GC deposition during the physisorption growth regime. While the
deposition and subsequent �lm growth on the substrate is desired, the growth of
soot from the PAH's in the gas phase results in the development of spherical soot
particles. The resulting GC material, that is deposited on the substrate, is domi-
nated by condensation and agglomeration of these soot particles. Larger particles
form in the gas phase by sticking collisions of individual soot particles and the re-
sulting GC material exhibits an isotropic micro-structure and a low density [192].
Soot formation was therefore seen as a critical aspect during the GC deposition
process and had to be avoided in order to obtain a highly textured GC material.

The employed, silicon substrates o�ered a very smooth surface �nish and ex-
hibited a mirror like appearance. GC �lms are known to deposit with excellent
surface conformity and the resulting GC �lms should therefore o�er a very low
surface roughness and highly re�ective appearance [115]. Depending on the cho-
sen process parameters, either dull surfaces or surfaces with a highly re�ective
metallic luster were obtained.

SEM imaging was performed in order to obtain high resolution images of the
surface morphology. An SEM image of the surface of a sample exhibiting a dull
surface appearance is given in �gure 3.4 a). The deposited GC material is com-
prised of spherical structures as shown in an enlarged section in �gure 3.4 b). The
spherical structure is typical for soot particles that have grown in the gas phase
and have eventually conglomerated .

Soot formation can be signi�cantly reduced by lowering the concentration of
PAHs in the gas phase, as this hinders the development of soot particles from the
present PAHs [193]. This can be achieved by reducing the residence time of the
carbonaceous molecules in the reaction volume, by lowering the process temper-
ature and pressure and thus the formation rate of PAHs, or by the introduction
of additional hydrogen. An SEM image of the surface morphology of a sample
that had been deposited with an optimized gas phase composition is depicted in
�gure 3.4 c). The surface is extremely smooth apart from single conglomerates of
condensed soot found on the surface of the sample as shown in detail in �gure 3.4
d). It is assumed that these were formed during the termination of the deposition
process, as the bulk material is free of spherical structures.
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Figure 3.4: An SEM image of the surface of a GC sample with a high level of soot
formation in the gas phase during the deposition process is shown in a). A close
up image of the spherical soot particles is given in b) and a typical conglomerate of
soot particles was identi�ed. The surface of a soot free deposition process is depicted
in c) and a close up of a spherical soot particle that was found on the surface of
the sample is shown in d) to demonstrate the low surface roughness. The identi�ed
soot particle was assumed to have formed during the termination of the deposition
process. The SEM images were obtained with a working distance of 6 mm and an
acceleration voltage of 3 kV.
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Raman spectroscopy is commonly used to characterize carbon materials as dis-
cussed in section 2.2. The Raman spectrum of the GC sample that exhibited
a high soot concentration is given in �gure 3.5 a), whereas �gure 3.5 b) shows
the Raman spectrum of the soot free sample. Interestingly, the Raman spectra
are almost identical. It is therefore not possible to directly deduce the surface
morphology from Raman measurements.

Figure 3.5: Raman spectroscopy of the sample with a high soot concentration
led to the spectrum shown in a) whereas the non-sooting deposition process led to
the spectrum given in b). No di�erences were identi�ed and Raman spectroscopy
therefore unsuitable to resolve the surface morphology.

Micro-structure of the Deposited GC Material

SEM cross section images of the discussed samples were obtained in order to iden-
tify the micro-structure of the deposited GC material, as shown in �gure 3.6, and
reveal the highly textured micro-structure of the GC material. Interestingly, both
deposition processes exhibit a highly laminar structure, independent of the strong
soot formation that is visible in �gure 3.6 a), as indicated by the arrow. The
incorporation of such spherical soot particles into the GC �lm, and subsequently
into the x-ray window, results in inhomogeneous �lm properties and the window
material is assumed to fail at the mechanically weakest point. The highly lami-
nar structure of the GC material, which was deposited on the silicon substrate is
apparent in the enlarged image shown in 3.6 b).

Evidently a signi�cant substrate gas-phase interaction took place during the
deposition of the GC material, as is indicated in 3.6 c) by the arrow. The removal
of the GC material (not shown) revealed that the indicated structural changes of
the silicon surface were in fact hollowed out portions of the substrate. It is assumed
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that the hydrogen containing atmosphere at the initiation of the deposition process
has led to silicon etching due to some sort of metallic contamination of the surface.
In comparison, a high resolution image of the GC cross section of a sample obtained
with an optimized growth process did not show the discussed silicon etching or
soot formation, and the resulting GC material exhibits a highly laminar structure,
as shown in �gure 3.6 d).

Figure 3.6: An SEM cross section image of the GC material deposited by the
examined, sooting deposition process is shown in a). Soot particles are incorporated
into the GC �lm as indicated by the arrow. The GC material exhibits a highly
laminar structure as demonstrated in b), showing an SEM image with a higher
magni�cation. A strong interaction of the gas phase with the silicon substrate was
identi�ed as indicated by the arrow in image c). The highly laminar structure of the
GC material deposited by the developed non-sooting process is depicted in d).The
SEM images were obtained with a working distance of 6 mm and an acceleration
voltage of 3 kV.

Surface Roughness of the Deposited GC Material

The surface roughness of the GC material is dependent on the process parameters,
as shown in �gure 3.7. AFM measurements of the GC surface were used to cal-
culate the surface roughness of the deposited GC material and was subsequently
available to compare di�erent process parameters. A low surface roughness is
assumed to indicate homogeneous �lm properties and is therefore seen desirable.
The surface AFM image of GC material deposited at a temperature of 1100 ◦C and
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a pressure of 20 mbar is shown in �gure 3.7 a) and compared to the GC material
deposited at a temperature of 1000 ◦C and a pressure of 65 mbar with otherwise
identical deposition parameters, as shown in �gure 3.7 b). The high residence
time during the deposition of sample b) resulted in a very smooth surface with
an RRMS of 0.23 nm compared to a value of 1.14 nm for sample a). Both sets of
deposition parameters resulted in high quality GC deposition with low soot for-
mation and similar growth rates but the surface roughness is nearly one order of
magnitude lower for the sample grown at a higher residence time.

Figure 3.7: AFM measurements of the GC surface were employed to determine
the surface roughness. The surface roughness is process dependent and the surface
roughness shown in a) is signi�cantly higher compared to the surface roughness
of sample b), which was deposited with a deposition process exhibiting a higher
residence time.

Growth Rate and Thickness of the Deposited GC Material

The thickness of the deposited GC material is found to depend linearly on the
duration of the deposition process as shown in �gure 3.8 for two sets of deposi-
tion parameters. The lower process temperature of 1000 ◦C compared to 1100 ◦C
results in a signi�cant reduction of the deposition rate, even though the process
pressure was increased from 20 mbar to 35 mbar. The growth rate was determined
by depositing GC material for di�erent deposition times and measuring the �lm
thickness with the discussed methods introduced in section 2.2. The growth rate
is closely linked to the micro-structure of carbon materials deposited from the
gas phase and therefore seen as a further parameter that needs to be taken into
consideration [186]. In general, the low, observed growth rates of the GC material
allow for a high thickness control of the deposited �lms and thus also for the GC
x-ray transmission windows.
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Figure 3.8: The deposition rates of the GC material for two di�erent sets of deposi-
tion parameters are shown. The GC thickness is dependent on the deposition time,
the temperature and the process pressure. For both deposition processes, methane
was employed as the precursor gas with a constant �ow of 30 sccm.

Raman Spectra of the Deposited GC Material

Raman spectroscopy o�ers a contact free characterization of the deposited GC
material and is highly sensitive to the molecular structure of the GC material as
discussed in Chapter 2.

The process parameters had a signi�cant impact on the GC material, as demon-
strated by the Raman spectra given in �gure 3.9. The deposition rate of the sam-
ples was determined as described in Chapter 2 and are also given in the diagrams
and ranged from 0.3 nm/min to 5.0 nm/min. The samples shown in the �gures
3.9 a), b) and c) were deposited using a process temperature of 1100 ◦C and the
process pressure was successively increased from 6 mbar, 10 mbar to 20 mbar, re-
spectively. The remaining process parameters were kept constant. The deposition
rate of the GC material increased with a higher process pressure from approxi-
mately 1 nm/min to 5 nm/min. A reduction of the process pressure below 6 mbar
led to very low deposition rates, whereas higher process pressures resulted in soot
formation. The Raman spectra all exhibit the characteristic D-, G- and 2D-Peaks
and a predominantly sp2 hybridized carbon material is therefore assumed. The
intensity of the 2D-Peak is highest for the GC material deposited with the minimal
growth rate and indicates an increased ordering along the c-axis of the graphitic
crystallites, as discussed in Chapter 2. Interestingly, the intensity ratio of the D-
and G-peak, and therefore the defect density increases with a lower deposition
rate.
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3 Graphenic Carbon Deposition

Figure 3.9: The Raman spectra of the GC material deposited by the corresponding
deposition process parameters are shown. The temperature and gas pressure was
varied, all other process parameters were kept constant. The Raman spectra ob-
tained from GC material that was deposited with a low growth rate exhibit a more
pronounced 2D-peak and sharper D- and G-Peak formations.
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The �gures 3.9 d), e) and f) show the Raman spectra obtained from GC samples
deposited at a reduced process temperature of 1000 ◦C and an increasing pressure
of 20 mbar, 35 mbar and 65 mbar, respectively. The remaining processing param-
eters were kept the same. The deposition rate was signi�cantly reduced by more
than an order of magnitude at a pressure of 20 mbar compared to the deposition
rate at a temperature of 1100 ◦C, and indicates the importance of the thermal
decomposition of the precursor gas and the gas phase evolution.

Interestingly, the Raman spectrum of �gure 3.9 d) is very similar to that of
3.9 a). This is also the case for that of �gure 3.9 f) and c). Very similar Raman
spectra can evidently be obtained using di�erent process parameters. The high
process pressure of 65 mbar, as shown in �gure 3.9 f), results in an increased de-
position rate, compared to �gure 3.9 a) and b), although the process temperature
is lower. The experiments at a temperature of 1000 ◦C seem to indicate the same
relation for the intensity of the D-Peak as the experiments at 1100 ◦C. The lower
deposition rate results in a higher D-peak and 2D-Peak intensity. The individual
process parameters evidently compensate each other and exemplify the complex-
ity of the gas phase deposition process.

The Raman spectra of the GC material deposited with a low growth rate exhibit
a more pronounced 2D-Peak which indicates a higher ordering of the crystallites
along the c-axis of the micro-structure, as discussed in Chapter 2. It is also ap-
parent that the shape of the D- and G-Peak is sharper and the resulting peak
valley is extended to lower intensities. A deep inter-peak valley has been assumed
to indicate a reduced amount of amorphous carbon within the GC material [125].
If we apply the TK model, as discussed in Chapter 2, to the obtained Raman
spectra the grain size is found to range between 4.5 nm for the samples deposited
with a low deposition rate, to 5.3 nm for the samples deposited with a high depo-
sition rate. This is close to the values reported in literature for nano-crystalline
graphene, ranging from 5 nm to 19 nm [94,167]. The value of the defect related D-
to G-peak intensity ratio is minimal for the sample deposited at a temperature of
1100 ◦C and a pressure of 20 mbar and SEM cross section images veri�ed a soot
free, highly laminar micro-structure.

Identi�ed Deposition Parameters

A promising set of deposition parameters was chosen and subsequently employed
for the GC deposition, as summarized in table 3.1. It should be noted, that
the deposition process is dependent on numerous parameters that are indirectly
de�ned by the used equipment, including among others the size of the reactor
volume, the reactor geometry, and the heat transfer in the hot zone of the reactor.
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3 Graphenic Carbon Deposition

Table 3.1: The identi�ed deposition parameters that were used for the GC deposi-
tion are summarized.

Precursor Gas Temperature Pressure Gas Flow Growth Rate

CH4 1100 ◦C 20 mbar 30 sccm 4.5 nm/min

3.3 Wafer Scale Deposition of the GC Window

Material

While the use of small scale substrates was advantageous for the process devel-
opment and proof of concept of the GC x-ray transmission window material, the
deposition and fabrication process needs to be scaled up to larger substrates for
industrial mass fabrication, if the GC window material is to replace beryllium.
The developed deposition process was therefore transferred to a reactor system,
capable of processing wafers with a diameter of up to 200 mm. Using silicon
wafers with a diameter of 150 mm would allow the simultaneous deposition for up
to 170 x-ray transmission windows, assuming a required area of 1 cm2 per window.
The use of large silicon substrates was also a prerequisite for the fabrication of
GC x-ray transmission windows with a diameter of more than the discussed 7 mm.

The schematic of the used rapid thermal chemical vapor deposition (RTCVD)
system is given in �gure 3.10. Single wafer processing and radiative heating al-
lowed high process temperatures of up to 1200 ◦C and short processing times.
The reactor chamber remained cool during the deposition process due to an ac-
tive water cooling system. A pyrometer was available for optical temperature
measurements of the silicon wafer and a motorized butter�y valve was available
for pressure regulation. Each gas line was equipped with a mass �ow controller
and the process recipes were fully programmable. The gas was injected into the
reaction chamber by four radial and two tangential injectors in order to improve
the gas phase homogeneity. An ozone generator was placed in-line of the oxygen
gas line and allowed the introduction of ozone into the reaction chamber in order
to remove remaining, volatile carbonaceous compounds.
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3.3 Wafer Scale Deposition of the GC Window Material

Figure 3.10: The used RTCVD equipment for wafer scale GC deposition is schemat-
ically depicted. Radiative heating was used to process substrates with a diameter
of up to 200 mm. A quartz window separates the reactor chamber from the heating
system and the walls of the reactor remained cool as they are continuously cooled
by water.

3.3.1 Substrate Preparation

High resistivity (>20 Ω cm), p-doped, double side polished, 150 mm diameter sil-
icon wafers with a thickness of 250µm and 500µm, respectively, were used and
cleaned using a full RCA clean. This includes a bath within a solution com-
prising of (NH4OH:H2O2:H2O) with a ratio of (1:1:5), denoted as R1 solution,
to remove organic residues, a hydro�uoric acid dip to remove the native oxide
of the silicon substrate and a �nal bath within a cleaning solution comprising of
(H2O:HCl:H2O2) with a mixing ratio of (5:1:1), denoted as R2 solution, in order
to remove remaining inorganic contaminants. The native oxide of the silicon wafer
substrate was removed by a hydro�uoric acid dip with a concentration of 5 % prior
to the GC deposition.

3.3.2 Deposition Process Scheme

The silicon wafer substrate was placed in the reactor and the chamber immedi-
ately evacuated to a base pressure of below 1 × 10−2 mbar and a purging cycle with
nitrogen gas executed. A leak test of the system was performed in order to rule
out any gas phase contamination with ambient oxygen and water, which could
facilitate the formation of carbon soot particles during the deposition process.
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3 Graphenic Carbon Deposition

The silicon wafer was heated to the deposition temperature of 1200 ◦C under high
purity hydrogen (99.9999 %) �ow with a �ow rate of 250 sccm or in vacuum. High
purity methane (Air Liquide, 99.9995 %) was employed as the carbonaceous pre-
cursor gas and introduced into the reaction chamber with a �ow rate of 2000 sccm
to initiate the deposition process. The �lm thickness was determined by the de-
position rate and the deposition time.

3.3.3 Process Parameters and Process Development

The considerations remain valid for the wafer scale deposition and a set of process
parameters was identi�ed that resulted in a soot free deposition of highly textured
GC material.

Similarly to the single window process discussed in the previous section, a high
amount of gas phase nucleation and subsequent soot growth resulted in an isotropic
micro-structure and low density of the GC material. Severe soot formation was
identi�ed by a dull GC surface appearance. A photograph of a 150 mm silicon
wafer that was coated with a GC �lm using a set of process parameters that re-
sulted in signi�cant soot formation is shown in �gure 3.11 a).

Figure 3.11: Photographs of processed silicon wafers after the GC deposition are
shown. The center of the wafer in a) exhibited signi�cant soot formation whereas op-
timized deposition parameters resulted in a soot free GC material, as demonstrated
in b). It should be noted that the highly re�ective wafer surface re�ects the bottom
cover of the above �ow box.

The center region exhibits a dull appearance, whereas the process parameters
used to deposit the GC material shown in �gure 3.11 b) resulted in a highly re�ec-
tive, metallic appearance of the GC surface. The square shape of the dull region
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3.3 Wafer Scale Deposition of the GC Window Material

indicates an inhomogeneous gas phase composition which is assumed to arise from
the gas injectors of the RTCVD system.

The RTCVD system was operated in constant power mode instead of employ-
ing feed-back based temperature regulation. For deposition processes that alter
the emissivity of the substrate wafer, this mode of operation is seen favourable as
the changing emissivity of the substrate in�uences the temperature reading of the
pyrometer [194]. It has been shown that single wafer deposition processes exhibit
a higher repeatability using the constant power mode. [195].

Process parameters were identi�ed that resulted in a GC material with similar
Raman features and a surface roughness close to the values obtained for the GC
material deposited by the experimental, small scale CVD process. The Raman
spectrum of the deposited GC material is given in �gure 3.12 a) and an AFM sur-
face scan image, shown in �gure 3.12 b), demonstrates an RRMS of 0.98 nm and
a similar surface morphology compared to the samples obtained with the small
scale deposition process.

Figure 3.12: A Raman spectrum obtained from the GC material deposited by
the wafer scale deposition system is shown in a) and exhibits the typical, discussed
Raman features. The AFM surface scan of a GC sample deposited using the wafer
scale deposition system is given in b) and the corresponding surface roughness is
RRMS = 0.98 nm. Both, the Raman spectrum and the surface roughness are similar
to those obtained from the GC material deposited by the small scale process.

In order to verify the highly laminar micro-structure of the deposited GC ma-
terial a cross section of the GC �lm was prepared. The SEM image obtained after
breaking the GC coated silicon substrate is shown in �gure 3.13 a). The highly
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3 Graphenic Carbon Deposition

laminar micro-structure is apparent in the high resolution image shown in �gure
3.13 b), and is very similar to images found in literature of HT-PyC that had been
annealed at 2900 ◦C [178].

Figure 3.13: An SEM image of the cross section of a GC �lm that was deposited
onto a silicon wafer is demonstrated in a). The highly laminar micro-structure
becomes apparent in image b), showing the GC material with a higher magni�cation.
The SEM images were obtained with a working distance of 6 mm and an acceleration
voltage of 3 kV.

Temperature and Deposition Homogeneity

A common challenge for wafer scale processing schemes is the aspect of process
homogeneity across the wafer substrate [196]. The inhomogeneities arise from
temperature di�erences across the wafer substrate and, in the case of gas phase
deposition processes, an inhomogeneous gas phase composition in the reactor vol-
ume. Temperature gradients are especially pronounced in cold wall reactor sys-
tems as the radiative losses of the wafer substrate are substantially larger at the
edges of the substrate, compared to the substrate center [197]. The variation of
the surface temperature of the substrate results directly in a spatial variation of
the gas phase composition, either due to increased carbon deposition and thus re-
moval of carbonaceous components, or an increased pyrolysis of the carbonaceous
components. The temperature and resulting gas phase inhomogeneity therefore
leads to a spatial variation of the deposition rate of the GC material. In addition,
the resulting temperature gradient within the wafer substrate is known to produce
line dislocations due to a di�erent volumetric expansion of the substrate material
and high resulting stress [198]. Single wafer processing of crystalline silicon wafers
can produce line dislocations at processing temperatures above 1000 ◦C, if the
temperature gradient within the substrate is exceedingly large [199].
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3.3 Wafer Scale Deposition of the GC Window Material

Line dislocations occur predominantly at the wafer edge due to the discussed
temperature gradient evolution [199]. A micrograph of a processed silicon wafer
exhibiting strong slip line formation is depicted in �gure 3.14 a). The used RTCVD
system is capable of processing substrates with a diameter of up to 200 mm. By
employing silicon wafers with a diameter of 150 mm and combining the wafer sub-
strate with a silicon ring with an outside diameter of 200 mm, it was possible to
signi�cantly decrease the edge e�ects for the used 150 mm wafer. The employed
silicon ring is shown in �gure 3.14 b) and allowed an improved GC thickness dis-
tribution and a reduction of the observed line dislocations.

Figure 3.14: A micrograph image of GC material deposited onto a silicon wafer
is shown in a). Slip-line dislocations are visible, as indicated by the arrow. A
photograph of the used silicon edge ring is depicted in b) and the silicon wafer
substrate with a diameter of 150 mm can be placed within the silicon ring.

Apart from using a silicon edge ring, di�erent methods have been proposed in
order to achieve an improved temperature homogeneity. These include rotating
the wafer substrate, an optical thin �lm �lter on the bottom side of the quartz
window [200], a re�ective coating on the wafer substrate itself [197] and the regu-
lation of the illumination intensity by spatially varying the applied power to the
illumination system [201]. The later was available for the used RTCVD system
and the silicon wafer substrate was heated by radiation from the top of the reac-
tor chamber. The heating system was comprised of three separate heating zones
in order to achieve an improved temperature homogeneity across the substrate,
as shown in �gure 3.15 a). It was therefore possible to partially compensate the
radiative losses of the wafer edges by increasing the heating power of the zones 1
and 2. A pyrometer was available to measure the temperature of the silicon wafer
with a spot size of approximately 2.5 mm from below the reaction chamber. The
pyrometer position could be varied as indicated in �gure 3.15 a), with a pyrometer
port located at the wafer center and one located towards the front of the chamber.
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3 Graphenic Carbon Deposition

Figure 3.15: The lamp layout of the used reactor system is schematically shown in
a). The three heating zones can be addressed independently and allow to compensate
the radiative edge e�ects of the substrate. The pyrometer can either be located at
the wafer center or 75 mm towards the front of the reactor volume, as indicated.
The shown circle indicates the position of a substrate with a diameter of 200 mm.
The measured temperatures for the two pyrometer positions, for the corresponding
heating zone con�guration, are given in b). Con�guration 1 corresponds to a uniform
heating pro�le.

The measured temperatures corresponding to the two described pyrometer posi-
tions for di�erent combinations of correction factors, that regulate the power of the
separate heating zones, is shown in �gure 3.15 b). A silicon wafer with a diameter
of 200 mm was used for the experiments and a low pressure of 5 × 10−3 mbar cho-
sen. Con�guration 1 corresponds to a uniform heating pro�le, with each heating
zone receiving the identical amount of power. This resulted in a measured tem-
perature di�erence of approximately 50 ◦C. Various heating con�gurations were
tested until the measured temperature di�erence was close to zero (Con�guration
11).

The identi�ed heating zone con�gurations were employed to deposit the GC ma-
terial, while the pressure, �ow and overall power setting of the system were kept
constant. The GC thickness was examined by measuring the sheet conductivity
of the GC material across the wafer substrate. A linear relationship between the
thickness of the GC material and the measured sheet conductivity was identi�ed
as described in section 2.2. The measured thickness values were normalized for
a better comparability and the in�uence of the heating zone con�gurations are
shown in �gure 3.16. Using a homogeneous heating zone distribution resulted in
the thickness distribution denoted as setting A. The large temperature deviation
between the wafer center and the wafer edge lead to a thickness di�erence of a
factor of two. Interestingly, the identi�ed con�guration 11 that led to the minimal
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3.3 Wafer Scale Deposition of the GC Window Material

Figure 3.16: The resulting GC thickness distribution across a silicon wafer with a
diameter of 150 mm is shown for four sets of heating zone correction factors. The
thickness was normalized in order to visualize the e�ect of the di�erent correction
factors. Setting A corresponds to a uniform heating con�guration.

temperature deviation shown in �gure 3.15 b) showed a reduced GC thickness at
the wafer center, denoted as setting D in �gure 3.16. This e�ect was assumed
to arise from the introduced gas phase during the deposition process. Settings B
and C exhibited a signi�cantly improved thickness distribution and setting B was
�nally chosen for the GC deposition process.

A set of promising deposition parameters was chosen to deposit highly struc-
tured GC material onto silicon substrates with a diameter of 150 mm, as summa-
rized in table 3.2. The GC material was evaluated by fabricating x-ray transmis-
sion windows and the processing steps for the window fabrication will be discussed
in the following chapter.

Table 3.2: The identi�ed deposition parameters that were used during the wafer
scale GC deposition process are summarized.

Precursor Gas Temperature Pressure Gas Flow Growth Rate

CH4 1200 ◦C 140 mbar 2000 sccm 30 nm/min
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GC x-ray transmission windows were fabricated from GC coated silicon substrates.
The direct deposition of the GC material onto the silicon substrate allows the fab-
rication of GC x-ray transmission windows with an integrated silicon frame by
removing parts of the silicon substrate. The inherently high adhesion of the GC
material onto the silicon frame due to strong silicon-carbon bonds avoids the prob-
lems that arise otherwise from joining the very thin window material to a sturdy
frame.

The employed silicon substrates enables the use of widely available silicon pro-
cessing technology and the high chemical stability of the GC material opens the
route to straight forward window fabrication. The window design and fabrica-
tion scheme for the replacement of beryllium as well as for GC low energy x-ray
transmission windows are discussed in this chapter.

4.1 Window Design

The window design of the GC x-ray transmission windows follows the design of
Be x-ray transmission windows, that are seen as reference windows as discussed in
Chapter 1, and therefore allows a direct replacement without altering the detector
module housing.

4.1.1 Window Design for an Open Window Geometry

The window design of the Be x-ray transmission windows is shown in �gure 4.1,
with a circular open window geometry with a diameter of 7 mm and a circular
window frame with an outside diameter of 9.75 mm [56].

The GC x-ray transmission windows were designed to exhibit an open geom-
etry with a diameter of 7 mm in order to demonstrate the suitability of the GC
material. Circular silicon substrates with a diameter of 9.75 mm were employed,
allowing the testing systems that were available, for the quali�cation process of
detector housings incorporating beryllium windows, to be used. The free standing
radiation passage was fabricated by removing the central part of the GC coated
silicon substrate. The remaining silicon substrate material elegantly forms the
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Figure 4.1: The schematic top down view of a Be x-ray transmission window is
depicted in a) and a schematic cross section view is given in b), as found in reference
[56]. The thin beryllium foil is joint to the sturdy window frame by metallic bonding
and forms the radiation passage.

window frame that can be subsequently joined to the TO8 detector housing.

In order to determine the properties of the GC x-ray transmission windows,
GC �lms with a thickness ranging from 30 nm to 3 µm were deposited onto silicon
substrates as described in Chapter 3. The desired GC �lm thickness was obtained
by varying the deposition time and a low growth rate of 1 nm to 5 nm per minute
allowed excellent thickness control, which is assumed to be better than 10 nm.

The window fabrication process development was performed using square 1 cm
by 1 cm silicon substrates due to the high availability and subsequently transferred
to the circular substrates.

4.1.2 Low Energy X-ray Transmission Window Design

Low energy x-ray transmission windows require a signi�cantly reduced window
thickness and thus a supporting structure in order to sustain the di�erential pres-
sure that acts across the window, as discussed in Chapter 1. GC low energy x-ray
transmission windows therefore require a more elaborate window design.

Circular silicon substrates with a diameter of 9.75 mm were used in order to
comply to the dimensions of the standard detector housing. The silicon substrate
was used to fabricate an integrated silicon support grid that is part of the window
frame. The optimal layout of the supporting grid is dependent on the mechanical
strength of the GC material and the chosen GC thickness, as well as the required
mechanical stability of the x-ray transmission window. The supporting silicon
grid is radio opaque and blocks the incoming x-ray radiation and it is therefore
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desirable to minimize the coverage of the supporting grid, which results in a higher
FF of the window as discussed in Chapter 1.

A number of window designs were proposed that o�er di�erent FF and di�erent
grid designs. In general it is expected that a lower FF results in a higher mechan-
ical strength of the resulting window as this either reduces the span width of the
individual open window regions or increases the width, and thus the mechanical
strength of the supporting grid structure.

Four low energy x-ray transmission window designs with increasing FF are
shown in �gure 4.2. The open window geometry is divided into smaller win-
dow cells with either a circular or a hexagonal shape, with a cell width of either
0.6 mm or 1 mm. The remaining silicon supporting grid has a minimal width of
80µm and the thickness of the support structure is the silicon substrate thickness
which corresponds to 500µm for the employed substrates. Design a) divides the
window region into 91 circular cells with a diameter of 0.6 mm, design b) into
91 hexagonal cells with a width of 0.6 mm, design c) into 37 circular cells with a
diameter of 1 mm and design d) into 37 hexagonal cells with a width of 1 mm.

An alternative approach is shown in �gure 4.3, employing a bar support struc-
ture dividing the window geometry into rectangular cells. Design e) comprises of 6
supporting bars with a width of 200µm and a span width of 1 mm, whereas design
f) comprises of 6 supporting bars with a reduced width of 100µm and a span width
of 1 mm. The use of a bar grid structure has the advantage of a reduced in�uence
of the incident angle of the incoming x-ray radiation, as shadowing only occurs
for incident angles perpendicular to the grid structure. In addition, the bar grid
windows can be fabricated using wet etching techniques, which is a considerable
advantage in regard to the fabrication complexity. Table 4.1 shows the detailed
characteristics of the proposed window geometries including the theoretical FF.

Table 4.1: The characteristics of the di�erent window designs for GC low energy
x-ray transmission windows are summarized.

Design Fill Factor Cell Geometry Cell Width Grid Width

a) 70 % Circular 600µm 80µm

b) 77 % Hexagonal 600µm 80µm

c) 76 % Circular 1000µm 80µm

d) 85 % Hexagonal 1000µm 80µm

e) 85 % Bar 1000µm 200µm

f) 90 % Bar 1000µm 100µm
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Figure 4.2: The evaluated window designs for GC low energy x-ray transmission
windows are shown and divide the open window area into cells with a reduced span
width. A circular cell design with a diameter of 0.6 mm (a), a hexagonal cell design
with a cell width of 0.6 mm (b), a circular cell design with a diameter of 1 mm (c)
and a hexagonal cell design with a cell width of 1 mm (d) are shown.

Figure 4.3: The evaluated support structure designs for GC low energy x-ray trans-
mission windows with a bar support structure are depicted. The design e) exhibits
a bar width of 200 µm and design f) a reduced bar width of 100 µm. The span width
for both designs is 1 mm.
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4.2 Fabrication Scheme

The GC x-ray transmission windows were fabricated by partly removing the sili-
con substrate, thus creating free standing regions of the GC material with a high
x-ray transparency. The remaining silicon forms the window frame and, for the
low energy x-ray transmission windows, the supporting structure. The fabrication
process is described in the following and the individual components of the process
discussed in more detail in the next section.

The developed fabrication process for GC x-ray transmission windows with an
open window geometry is schematically given in �gure 4.4 a). The GC material
was deposited onto the (100) orientated silicon substrates as described in Chapter
3. The high stability of the GC material against commonly used wet etchants such
as heated potassium hydroxide allows it to be used as the masking material. The
window geometry of the GC x-ray transmission windows was subsequently de�ned
by partially removing the GC material on the back of the substrate. Wet chemi-
cal etching was employed to remove the silicon substrate in the regions where the
silicon was not protected by the GC material.

Figure 4.4: The fabrication process for GC x-ray transmission windows with an
open window geometry is schematically depicted in a). A photograph from the back
of a GC x-ray transmission window, as it was obtained after wet etching, is presented
in b). The re�ections of the LEDs used for illumination are visible and wrinkles were
formed in the free standing GC material as the bulk silicon material was removed
due to the compressive stress of the GC material.

Etching was completed once the free standing GC �lm was formed. A pho-
tograph of a typical GC x-ray transmission window fabricated by the described
process is shown in �gure 4.4 b). The image was taken from the back side of the
window and the bright spots near the substrate edge arise from the LEDs used for
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illumination. The free standing GC �lm develops wrinkles as soon as it is released
from the silicon substrate due to the compressive stress of the GC material.

The fabrication process for the GC low energy x-ray transmission windows is
schematically depicted in �gure 4.5. The window design utilizing a bar support
structure o�ers the advantage that it can be realized using wet chemical etching,
whereas the hexagonal and circular cell design requires more elaborate micro-
machining schemes.

The fabrication scheme for the bar supported GC low energy x-ray transmission
windows is depicted in �gure 4.5 a). Silicon substrates with a (110) surface orien-
tation were used and the GC material deposited as described in Chapter 3. The
use of silicon substrates with a (110) crystallographic orientation of the surface
plane allows the fabrication of a high aspect support structure in one direction
of the wafer, using anisotropic wet etching. A detailed discussion regarding the
crystallographic orientation and the wet etching process is given in section 4.2.2.
The GC material on the back of the substrate was used as an etch mask and the
GC material removed in the regions that were to form the radiation passage. The
silicon substrate was subsequently removed in the regions that were not covered
by the GC material using wet chemical etching. A photograph from the back of a
GC low energy x-ray window with a support bar structure is shown in �gure 4.5
b). The free standing GC �lm forms the characteristic wrinkles and is supported
by the vertical, silicon support structures that are an integral part of the window
frame.

The complex design of the low energy x-ray windows incorporating circular
and hexagonal cells required high aspect, vertical structures, independent of the
crystallographic orientation and cannot be achieved using anisotropic wet chemi-
cal etching. Instead pre-structured silicon substrates were used that exhibit only
a thin silicon �lm that covers the cell regions as shown in �gure 4.5 c), which
schematically shows the fabrication process. The GC material was deposited onto
the pre-structured silicon substrates with a (100) surface orientation, with the
deposition process discussed in Chapter 3. The GC material on the back of the
substrate was removed across the entire window region. Wet chemical etching was
employed to etch the remaining, thin silicon �lm that covers the window cells in
order to fabricate the free standing GC regions. A photograph from the back of a
GC low energy x-ray transmission window with a hexagonal support grid design
is depicted in �gure 4.5 d).

The presented fabrication schemes o�er a direct route to the GC x-ray trans-
mission window fabrication and the individual processing steps are discussed in
the following.
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Figure 4.5: The fabrication process for GC low energy x-ray transmission win-
dows with a bar support structure, utilizing a (110) orientated silicon substrate,
is schematically depicted in a). A photograph from the back of a fabricated GC
window with a bar support structure is shown in b) and the vertical silicon support
structures separate the free standing GC material. The fabrication process for a GC
low energy x-ray transmission window with an arbitrary support structure design
is given in c). The (100) orientated silicon substrates need to be pre-structured
according to the support structure design using a RIE process. A photograph from
the back of a window incorporating a hexagonal support structure is shown in d).
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4.2.1 Graphenic Carbon Structuring

The GC material was conveniently used as the masking material during the silicon
structuring due to its high resilience against potassium hydroxide, a commonly
used wet etch solution for anisotropic silicon etching.

The GC material therefore had to be structured in a reliable manner in order
to de�ne the resulting window geometry of the GC x-ray transmission windows.
While the GC material is chemically inert against most etching solutions, high
etch rates can be obtained in highly oxidative environments and a number of
etching techniques were therefore considered.

� Carbon composites are known to be etched by oxygen exposure at temper-
atures above 600 ◦C [202]

� Polymers such as polymethylmethacrylate (PMMA) are known to be etched
by oxygen exposure in combination with illumination at a wavelength of
172 nm [203]

� HOPG can be etched by the exposure to an oxygen containing plasma [204].

The structuring process should exhibit su�ciently high etch rates as the GC
material has a thickness of up to 3 µm, should o�er a su�ciently high resolution
in order to fabricate delicate support structures and avoid any deterioration of
the GC material covering the front of the silicon substrate. The last aspect was
seen as especially crucial, as pinholes of any size were unacceptable in the window
region of the substrate as this would deteriorate the gas and light tightness and
reduce the mechanical strength of the GC x-ray transmission window.

The use of a shadow masking scheme signi�cantly reduces the necessary process-
ing steps in order to structure the GC material compared to the deposition and
lithographic structuring of a deposited masking material such as titanium. While
shadow masking o�ers a reduced resolution due to under etching, the relaxed
geometries necessary for the discussed window designs permit its use. Both, an
oxygen containing capacitively coupled plasma (CCP) and photo-induced etching
with a high power UV source were seen as promising candidates and were subse-
quently evaluated.

A sample holder was designed that protected the front of the GC coated sub-
strate and simultaneously aligned the shadow mask, in order to obtain repeatable
results. The shadow masks were fabricated from 100µm thick steel sheets and
laser cutting o�ered a su�ciently high resolution of 50µm to realize the mask
designs.
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Photo-induced Etching

A shadow mask with an open diameter of 7 mm was used and the front of the GC
sample was protected against illumination. A UV lamp, emitting at a wavelength
of 254 nm and 185 nm with a power of 4.8 W, was placed directly above the sample
in an oxygen containing atmosphere. The result of 216 hours of UV exposure in an
oxygen atmosphere is shown in �gure 4.6 a). A discoloration of the GC material
in the open region of the shadow mask is apparent, but the removal of the GC
material was seen as insu�cient even at such an elevated duration. The sample
substrate has a non-polished back side which is advantageous in order to visualize
the etching behavior as double-polished substrates are highly re�ective.

Figure 4.6: A photograph of the GC material after an extended exposure of 216
hours to UV illumination in an oxygen atmosphere is shown in a) and the GC
material was attacked but not removed. A photograph of the employed CCP setup
for oxygen plasma etching of the GC material is given in b) and high etch rates
of 140 nm/min and a good mask transfer were possible as shown in c), as the GC
material was removed in the center.

Oxygen Plasma Etching

A photograph of the used CCP system is shown in �gure 4.6 b). The simple setup
was comprised of two electrodes and a voltage source operating at a frequency
of 45 kHz. This led to an anisotropic etching behavior that was used to transfer
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the mask design into the GC material. A control unit was designed and built
that allows to manually set the process duration. The temperature increase of the
sample with prolonged processing times led to an increasing etch rate and a cyclic
mode of operation therefore included in the control unit. It was possible to set
the "on" and "o�" time of the plasma process independently and high substrate
temperatures were avoided by choosing a su�ciently long cool o� period before
the etching process was resumed.

The results of 7 min of plasma etching using a shadow mask with an open geom-
etry of 7 mm is shown in �gure 4.6 c). The GC material was completely removed
in the open region of the shadow mask, which was veri�ed by Raman spectroscopy
(not shown). The etch rate of the GC material was determined to be approxi-
mately 140 nm/min and thus su�ciently large, even for thick GC �lms. The use
of a shadow mask commonly results in an under etch of the mask structure due
to the space that is present between the mask and the to be etched material. The
minimal size of the mask features and the amount of under etching were therefore
seen as the limiting factors for the resolution of the GC structuring using the
discussed processing scheme.

A micrograph of a structured GC �lm that was deposited on a silicon substrate
and etched using oxygen plasma, with an open window design, is shown in �gure
4.7 a). The GC material was completely removed in the center region, whereas
the remaining substrate is still covered with the GC material. The presented
GC structuring scheme allowed the fabrication of the narrow masking structures
required for the GC low energy x-ray transmission windows with a bar support
structure, as shown in �gure 4.7 b). The resulting GC mask exhibited a bar
width of 185µm instead of the targeted width of 200µm and an under etching of
7.5 µm was therefore identi�ed. Considering the GC �lm thickness of only 140 nm
this is substantial but for the minimal structure size of the proposed window de-
signs seen as su�cient and can be compensated by adjusting the mask dimensions.

An SEM image of the structured GC material is shown in �gure 4.7 c) and a
close up of the under etched region is given in �gure 4.7 d). The GC material that
was protected by the shadow mask still exhibits a smooth surface and the line
roughness was interpreted as su�ciently smooth for the dimensions of the window
designs.

GC structuring with an oxygen plasma in combination with a shadow mask was
therefore seen as a suitable structuring scheme and employed to fabricate the GC
x-ray transmission windows.
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Figure 4.7: A micrograph of a structured GC coated silicon substrate is shown
in a). The GC material was removed in the center of the sample and the round
shape of the window geometry is visible on the left side of the image. The developed
structuring scheme allows the mask fabrication for the bar supported GC low energy
x-ray transmission window design, as demonstrated in b), showing the narrow GC
mask required for the etching of the vertical support structures. An SEM image of
the structured GC �lm shown in b) is depicted in c). An SEM image with a higher
magni�cation is given in d) and shows the under etched GC region in more detail.
The SEM images were obtained with a working distance of 6 mm and an acceleration
voltage of 3 kV.

4.2.2 Silicon Micromachining

The silicon substrate needs to be removed in the regions that resemble the open
window geometry. In the case of the windows intended for the replacement of
beryllium, a circular window design and for the more elaborate low energy x-ray
transmission windows the discussed window designs were employed.

Wet Chemical Etching

Wet chemical etching has the advantage of a simple processing scheme o�ering
high throughput and low cost. The GC material exhibits a very high chemical re-
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silience against potassium hydroxide and is therefore a suitable masking material.

Potassium hydroxide solution is an anisotropic wet etchant for silicon substrates
and commonly used during the micro-machining for MEMS applications [205].
The etch rate is dependent on the crystallographic orientation and doping of the
silicon substrate, as well as the temperature and composition of the etchant solu-
tion. The (111) plane is the slowest etching crystallographic direction and ratios
of up to 1:400 for the etch rate compared to the (100) plane and 1:600 for the
etch rate compared to the (110) plane have been reported [205]. The direction
dependent etch rates results in the typical pyramidal structures due to the very
low etch rate in the (111) direction for (100) orientated silicon wafers, as demon-
strated in �gure 4.8 a), as the (111) planes intersect the (100) plane at an angle
of 54.74° [205]. The use of (110) orientated silicon wafers allows the fabrication
of structures with vertical sidewalls and was therefore seen suitable for the fab-
rication of a bar support structure as shown in �gure 4.8 b), due to the vertical
intersection of the (111) and (110) planes [206].

Figure 4.8: The typical pyramidal structures that develop for (100) orientated sil-
icon substrates, if etched with a potassium hydroxide solution, are shown in a) and
result from the intersection of the (111) planes and the wafer surface at an angle
of 54.74°. Structures with a vertical sidewall can be etched into a correctly orien-
tated (110) silicon substrate with potassium hydroxide, due to the perpendicular
intersection of the (111) planes and the wafer surface, as demonstrated in b). The
schematics were adapted and redrawn from reference [205].

Open Window Geometry

The etch masks for the circular window design were therefore altered in order to
compensate for the formation of the (111) plane with an angle of 54.74° relative
to the (100) surface. The �nal window diameter is subsequently smaller than the
open mask diameter and has to be increased by an amount that is dependent
on the substrate thickness. Following a simple trigonometric approach the mask
diameter was chosen as 7.7 mm for a substrate thickness of 500µm based on equa-
tion 4.1 and results in a �nal window diameter of 7.0 mm. With D denoting the
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required diameter of the mask for a resulting window diameter of 7.0 mm.

D = 7.0 mm + 2 × t

tan(54.74°)
≈ 7.7 mm (4.1)

The anisotropic etching for potassium hydroxide etched silicon substrates leads
to a strong deviation of the �nal window geometry. The circular shape of the GC
mask eventually leads to a square window geometry for long etching times. The
concentration dependent etch rates for di�erent crystallographic directions of a
(100) orientated p-type silicon wafer (5 − 10 Ω cm) at a temperature of 80 ◦C, as
determined by Zubel et al. [207], are shown in �gure 4.9 a).

Figure 4.9: The concentration dependent etch rates for di�erent crystallographic
silicon planes in a potassium hydroxide solution with the speci�ed molar concentra-
tion are given in a). The corresponding etch rates can be altered if the potassium
hydroxide solutions are saturated with isopropanol as a surfactant, as demonstrated
in b). The etch rates were determined by Zubel et al. [207] for a temperature of
80 ◦C and low doped p-type silicon with a resistivity of 5 − 10 Ω cm. The diagrams
were adapted and redrawn from reference [207].

The etch rate of the (311) plane, for example, is signi�cantly higher than the
(100) plane, which has to be etched in order to remove the silicon material, and
results in the aforementioned deviation between the transferred window geometry
and the original mask design.

Adding a surfactant, such as isopropanol, to the potassium hydroxide solu-
tion reduces the direction dependent etch rates compared to the (100) plane, as
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shown in the diagram depicted in �gure 4.9 b), and allows circular patterns to be
etched [208,209]. The etch rate of the (100) plane is only slightly reduced, whereas
the other directions exhibit a much more pronounced reduction of the etch rate
for potassium hydroxide solutions with a concentration at and below 10 M. The
underlying mechanism of the added surfactant is assumed to be an enhanced ad-
sorption of the isopropanol molecules on the higher indexed planes, thus blocking
the access of OH� ions to the silicon surface [210]. The direction dependent etch
rates of a potassium hydroxide solution saturated with isopropanol was therefore
seen as much more favorable for transferring arbitrary mask designs into the (100)
silicon substrate.

The concentration of the potassium hydroxide solution not only determines the
direction dependent etch rates of silicon, but also has a signi�cant impact on the
quality of the etching process [210]. The in�uence of the potassium hydroxide
concentration on the roughness of the silicon surface is shown in �gure 4.10. Both
images show the back side of a silicon substrate with a circular, GC free center
region that has been etched with a potassium hydroxide solution. The substrate
shown in �gure 4.10 a) was etched in a 4 M potassium hydroxide solution, satu-
rated with isopropanol, while the window shown in �gure 4.10 b) was etched in
a 5 M potassium hydroxide solution, also saturated with isopropanol. The devel-
oped (111) plane of the silicon substrate is visible on the right side of the images
and indicated by the arrows. The intersecting silicon plane exhibits a smoother
surface for the �ve molar solution. This is is seen as highly advantageous as the
intersection of the (111) plane and the (100) surface forms the edge and thus an-
chor point of the free standing GC window material. Any irregularities, especially
formations that point towards the window center result in regions of increased
stress that reduce the mechanical stability of the GC window.

The discussed potassium hydroxide solution with a concentration of 5 M, a
temperature of 80 ◦C and isopropanol as a surfactant was subsequently chosen for
the window fabrication. The resulting etch times were found to be approximately
nine hours for the (100) orientated silicon substrates with a thickness of 500µm and
the etch rate therefore identi�ed to be approximately 0.9 µm/min. The use of the
surfactant allowed the etching of circular structures and the presented scheme was
found to be highly reliable as demonstrated in �gure 4.11. A top view photograph
of a GC x-ray transmission window with a circular window geometry is given
in �gure 4.11 a) and exhibits an excellent circular shape, which manifests in a
radial symmetry of the formed wrinkles. A back view photograph is shown in b)
and the resulting intersection of the (111) silicon plane and the GC material is
free of hillocks, as veri�ed in the micrographs of the back side of the GC x-ray
transmission window given in �gure 4.11 c) and d).
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Figure 4.10: A photograph from the back of an etched silicon substrate using a
4 M potassium hydroxide solution is depicted in a), whereas b) shows a photograph
of a much smoother silicon plane, as indicated by the arrows, of a silicon substrate
that was etched with a 5 M potassium hydroxide solution. Both solutions were kept
at a temperature of 80 ◦C and saturated with isopropanol.

Figure 4.11: A top view photograph of a GC x-ray transmission window with a di-
ameter of 7.15 mm and a GC thickness of 1 µm is presented in a). The magni�ed view
from the back side of the GC x-ray transmission window, given in b), demonstrates
the smooth �nish of the silicon sidewall surface. The intersection of the silicon (111)
plane (left side) and the GC material (right side) is visible. The micrographs given
in c) and d) show the back side of the GC window and demonstrate the hillock free
silicon-GC intersection in the right side of the images.
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Window Designs with a Bar Support Structure

High aspect, vertical structures can be fabricated by anisotropic wet etching by
carefully aligning the etch mask with the crystallographic orientation of a (110)
orientated silicon substrate [211]. A photograph from the back side of a GC low
energy x-ray transmission window, incorporating a bar supported window design,
with a GC thickness of 140 nm is given in �gure 4.12 a).

Figure 4.12: A photograph from the back side of a GC low energy x-ray transmis-
sion window with a bar support structure is given in a). An SEM image of the silicon
bar support structure is shown in b) and the (111) silicon planes are indicated by
the arrows. The SEM image was obtained with a working distance of 6 mm and an
acceleration voltage of 3 kV. A micrograph of the front side of the GC low energy
window is depicted in c) and a micrograph image from the back of a silicon bar
structure is given in d).

The large di�erence of the etching rates of the (110) and (111) silicon planes
results in the emergence of almost atomically �at silicon structures. The thin GC
�lm is supported by a silicon bar structure with a nominal width of 200µm and a
nominal span width of 1 mm. An SEM image of the silicon grid structure is shown
in �gure 4.12 b) and the (111) planes are indicated by the arrows. Aside from
the (111) planes that form the vertical bar structure, an additional (111) plane
emerged at the intersection of the bar structure and the window frame. The plane
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intersects the (110) substrate surface at an angle of 35.3°, which reduces the length
of the open geometry and had to be accounted for in the GC mask design [206].
A micrograph image of the front of the GC low energy x-ray transmission window
with the parallel bar structure is given in �gure 4.12 c). The thin GC �lm forms
wrinkles as it is released from the substrate due to the compressive stress of the
GC material. The highly parallel nature of the bar structure becomes apparent
in �gure 4.12 d) and the absence of step like edges in the silicon bar structure
demonstrates the excellent alignment of the GC etch mask and the crystallographic
orientation of the silicon wafer.

Pre-structured Silicon Substrates for Arbitrary Window Designs

The discussed wet etch processing allows the fabrication of a bar support struc-
ture and, with the addition of isopropanol, circular window geometries. Arbitrary
window designs are not possible as vertical features can only be realized along the
vertical (111) planes of the employed silicon substrate.

The use of pre-structured silicon substrates that can be obtained using a dry
etching process, such as reactive ion etching (RIE) using the Bosch Process, al-
lows high aspect structures with an arbitrary design [212]. Silicon substrates were
pre-structured based on the discussed low energy x-ray transmission window de-
signs exhibiting a circular or hexagonal cell layout. The structuring process was
terminated before the silicon substrate was completely removed and a thin silicon
layer, covering the open area of the window cells, remained. The GC carbon was
subsequently deposited onto the pre-structured silicon substrates as discussed in
Chapter 3. The GC material covering the back of the silicon substrate was etched
using an oxygen containing plasma and the thin remaining silicon �lm removed
with the introduced potassium hydroxide solution used for the circular window
geometries. The thin, remaining, silicon was etched within minutes, resulting in
only marginal under etching of the pre-structured window features, and a free
standing GC �lm was subsequently formed.

The micrograph images shown in �gure 4.13 a), c) and e) show the back side
of three of the proposed low energy window designs prior to the GC deposition.
The support structure is clearly visible and the open regions of the window cells
are still covered by a thin silicon �lm. The corresponding front side micrograph
images of the resulting GC low energy x-ray transmission windows, as obtained
after the GC deposition and wet etching, are shown in �gure 4.13 b), d) and f).
The thin GC material forms wrinkles after the thin silicon substrate material was
removed due to the compressive stress of the GC material. The resulting support
structure exhibits an excellent uniformity and closely resembles the corresponding
window design.
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Figure 4.13: Micrographs from the back of the pre-structured silicon substrates,
employed for the fabrication of GC low energy x-ray transmission windows, with a
hexagonal and circular cell design are shown in the images a), c) and e). The silicon
support structure is visible and the radiation passage region is still covered by a
thin silicon layer. The corresponding GC low energy x-ray transmission windows,
as obtained after the deposition of the GC material and subsequent wet etching are
demonstrated in the micrographs b), d) and f), respectively. The GC material in
the free standing regions forms the characteristic wrinkles due to the compressive
stress of the GC material.
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Photographs of the GC low energy x-ray transmission windows with a circular
and hexagonal cell design are shown in �gure 4.14. The support structure and
the open window regions are clearly visible and the reduced span width of 600µm
of the corresponding window designs allows the GC material to be signi�cantly
reduced. The shown windows exhibit a GC thickness of 140 nm.

Figure 4.14: Photographs of the back side of GC low energy x-ray transmission
windows with a hexagonal and circular cell design are given in a) and c) and the
photographs depicted in b) and d) show the corresponding GC low energy x-ray
transmission windows from the front.

4.3 Thickness Limitations of the Fabrication

Scheme

The presented fabrication scheme was found to be highly reliable and more than
600 windows with varying GC thicknesses, window geometries and substrates were
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fabricated and evaluated.

GC x-ray transmission windows with a GC thickness above a certain, deposition
process dependent, threshold were found to exhibit tears in the free standing GC
material after the wet etching process. The tears were predominantly found near
the window edge, close to the silicon frame and a micrograph of a typical tear is
shown in �gure 4.15 a). The tears were found to be either closely following the
window edge or, if located further to the window center, to follow the crystallo-
graphic orientation of the silicon substrate.

Figure 4.15: A micrograph of a typical tear in the free standing GC material is
shown in a), and the tear indicated by the arrow. A photograph from the front of a
GC x-ray window after wet etching is given in b) and the free standing GC material
was completely removed due to a continuous tear along the window edge. The GC
material was subsequently found �oating on the surface of the etchant solution, as
depicted in the photograph shown in c). The �oating GC material exhibited a shape
closely resembling the window geometry and was otherwise found to be intact, as
demonstrated by the magni�ed image shown in d).
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The thickness threshold was found to be dependent on the GC deposition pro-
cess and identi�ed at approximately 4 µm for the developed single window deposi-
tion process and at approximately 1 µm for the wafer scale deposition process. An
increase of the GC thickness above the thickness threshold resulted in the forma-
tion of tears in the free standing GC material during wet etching. The tears were
found to be localized or even continuous, depending on the GC thickness. Contin-
uous tears in the free standing GC material resulted in a complete removal of the
free standing GC material during the silicon substrate etching, as demonstrated
in �gure 4.15 b). The removed GC material was found �oating in the etchant
solution at the end of the wet etching process, as indicated in �gure 4.15 c). The
�oating GC material was otherwise intact and exhibited no additional tears and
closely resembled the circular shape of the window as demonstrated in �gure 4.15
d).

The fact that the tears of the GC material only occurred in �lms above a
certain thickness implies a mechanism that is related to the compressive stress of
the material. It is a commonly observed phenomenon that a deposited material
with a large compressive stress results in delamination or cracking, if �lms above
a certain thickness are deposited [213]. In contrary to the observed cracking of
thick diamond �lms as reported by Jeong et al. [214], the deposited GC �lms were
found to be crack free prior to the wet etching. In addition, the fact that the
tears were predominately formed at the vicinity of the window frame indicates a
mechanism that arises from the etching process itself.

4.3.1 The Implications of Compressive Stress During the

Substrate Removal

The considerations indicate that the tear formation is related to the compressive
stress of the GC material and the implications of the compressive stress during
the substrate removal were therefore evaluated.

The deposition of a compressively stressed material onto a substrate results in
a deformation of the material stack, which is commonly measured during wafer
bow measurements in order to determine the stress of the deposited material, as
discussed in Chapter 2. Let us consider the Stoney equation (eq.4.2) used to relate
the surface deformation to the stress of a deposited material [161], with R denot-
ing the radius of the sample curvature, Ys denoting the bi-axial modulus of the
substrate material, ts the thickness of the substrate material, σ the stress and tf
the thickness of the deposited thin �lm material. It is apparent that the radius of
curvature is not only dependent on the stress and thickness of the deposited mate-
rial, but also on the substrate thickness itself. The radius of the sample curvature
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R is therefore dependent on the substrate thickness in a quadratic manner and
the continuous reduction of the substrate thickness during the wet etching process
results in an increasing ratio of the GC to substrate thickness. This consequently
leads to a reduction of the local radius of curvature, as the compressive stress
and thickness of the GC material remain constant. The wet etching process in
combinations with the large compressive stress of the GC material was therefore
identi�ed as a possible cause of the observed tear formation.

R =
Yst

2
s

6σtf
(4.2)

Based on these considerations, a detailed analysis of the etching process was
performed. The in Chapter 3 introduced, two dimensional laser scanning system
was used to visualize the sample behavior during the wet etching process. A
sample with a GC thickness of 1.2 µm and a silicon substrate thickness of 250µm
was prepared for wet etching by structuring the GC material on the back of the
silicon substrate with a circular window geometry exhibiting an open diameter of
approximately 6 mm. The sample was placed in a heated potassium hydroxide
solution for 5 hours and a 2D surface scan was subsequently performed. The laser
distance sensor was moved across the front surface in a scanning manner and the
distance measured with a high vertical resolution and an x-y spacing of 200µm.
The scan size was 8 mm and therefore covered the region of interest.

The resulting 2D surface pro�le is shown in �gure 4.16 a) and only a very slight
surface deformation is visible. Wet etching was continued and surface scans ac-
quired at a 15 minute interval. The corresponding 2D surface pro�les are shown
in �gure 4.16 b), c) and d). The reduction of the silicon substrate thickness results
in a signi�cant deformation of the remaining material that is covering the window
region with a center de�ection of more than 60µm after 5 hours and 45 minutes
of wet etching.

The deformation of the sample surface after a processing time of 5 hours and 45
minutes was clearly visible, even with the eye, as shown in �gure 4.17 a), depict-
ing a front view photograph of the scanned sample. The window surface almost
resembles the shape of a highly re�ective bubble and the re�ection of the LEDs,
used for illumination, are strongly deformed. Etching was continued for an ad-
ditional 30 minutes and the resulting free standing GC �lm exhibits the typical
wrinkles, as demonstrated in �gure 4.17 b). The free standing GC �lm exhibited
the discussed tears near the window frame and the large, observed, deformation
of the sample surface during the wet etching was assumed to be the cause.
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Figure 4.16: 2D surface pro�les of a GC coated silicon substrate, with the back
side GC material structured to ultimately form a free standing GC �lm with a
diameter of 6 mm, were obtained during the wet etching process. The measurements
were performed at the indicated etching times and an increasing deformation of the
surface was observed in the center region, as shown in the diagrams a) to d). The
surface height was measured by scanning across the surface with a laser distance
sensor in an x-y scanning manner.

Figure 4.17: A photograph from the front of a GC coated silicon substrate after
5 hours and 45 minutes of wet etching is given in a). The remaining substrate
was signi�cantly deformed in the center region and the white spots from the LED
illumination are distorted. The typical wrinkles were formed as the silicon material
was completely removed by an additional 30 minutes of wet etching, as demonstrated
by the photograph shown in b).
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Line pro�les were therefore extracted from the 2D surface scans and revealed a
very sharp angle at the intersection of the open window geometry and the window
frame, especially for the measurement obtained after 5 hours and 45 minutes of
wet etching as depicted in �gure 4.18 a).

Figure 4.18: The extracted line pro�les of the surface deformation across the sam-
ple, as obtained from the 2D scans, are shown in a), and demonstrate a sharp angle
of de�ection at the edge of the free standing window region. A micrograph of the
back side of the sample after 5 hours and 45 minutes of etching is given in b) and
the silicon substrate is removed �rst near the window edge and a tear is visible as
indicated by the arrow. The thickness pro�les of the sample after 5 hours and after
5 hours and 30 minutes of wet etching are shown in c) and in greater detail in d),
and demonstrates the inhomogeneous etching of the silicon substrate material.

Further analysis of the etching process revealed that the silicon material was
not etched in a uniform manner, but an increased etch rate was observed near the
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window frame. The micrograph shown in �gure 4.18 b) was taken from the back of
a sample that was etched until the �rst free GC material appeared. The window
frame is visible in the top left corner and the bottom right corner of the image
shows the window region that is still covered by silicon. The free standing GC
material appeared �rst at the window edge and a tear is visible as indicated by the
arrow. The region exhibiting the sharp angle due to the surface deformation was
thus the region where the silicon substrate was �rst completely removed. The free
standing GC material in this region was subsequently exposed to a large stress
as the remaining surface material was bulging upwards. The tears were therefore
assumed to have appeared at the moment that the silicon substrate was removed
in the region near the window frame.

The inhomogeneous etching of the silicon substrate was veri�ed by thickness
measurements using the double sensor setup described in Chapter 2. The sample
thickness after 5 hours of etching and after 5 hours and 30 minutes of etching in
hot potassium hydroxide is demonstrated in �gure 4.18 c). The thickness pro�le
was obtained by scanning across the window and inset i) schematically shows the
scanned window geometry. The substrate thickness of 250µm was veri�ed by the
measurement as can be seen at the X-positions between 0 mm and 2 mm and 8 mm
and 10 mm, corresponding to the window frame. The thickness of the center region
was already signi�cantly reduced but exhibits a non uniform thickness. The laser
signal was lost in the transition region due to the formation of a highly re�ective
(111) silicon plane with a steep slope. The center region is given in more detail
in �gure 4.18 d). The thickness of the sample after 5 hours and 30 minutes of
etching was almost zero near the window frame and increases to almost 30µm at
the window center.

The resulting etch pro�le was considered undesirable as the region with the
highest angle of deformation is released �rst. FEM simulations were therefore
performed in order to obtain a better understanding of the stress and strain state
of the GC material during the wet etching and especially during the last moments
of the window release. The critical moment was assumed to be the removal of
the silicon material near the window edge and thus a window geometry, as shown
schematically in �gure 4.19 a), was used as the simulated geometry. A thin �lm
with a thickness of 1 µm represented the GC material and a Young's modulus of
130 GPa, a Poisson's ratio of 0.16 and a density of 2.2 g/cm3 assigned as material
constants, based on the results discussed in Chapter 5. The thin �lm was sup-
ported by a silicon frame with a thickness of 250µm and the remaining silicon
attached to the membrane modeled by a center region of silicon with a thickness
of 20µm that was attached to the thin �lm material. A region with a width of
100µm that is free of the silicon material separates the center material from the
window frame material, as indicated in the inset of a).
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Figure 4.19: The simulated window geometry is schematically depicted in a) and
resembles the GC window state during the �nal moments of the wet etching process.
A small region of free standing GCmaterial has already been formed near the window
frame, as indicated in the inset. The resulting top view of the simulation results,
if no residual compressive stress is applied to the thin �lm material, is given in b).
A large deformation occurs if the geometry is simulated with an applied residual
compressive stress of the thin �lm material of approximately 400 MPa, as shown
in image c). The vertical deformation of the sample is given in d) and approaches
60 µm. The simulated values of the von Mises stress and strain are shown in the
images e) and f) respectively and the maximum values for both are encountered in
the region indicated by the arrows.
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A front view of the model, before the compressive stress was induced in the
thin �lm material by thermal loading as described in Chapter 2, is shown in �gure
4.19 b). A compressive stress of approximately 400 MPa was applied to the GC
material and led to a signi�cant deformation of the material that covers the center
region of the sample, as shown in �gure 4.19 c), (not to scale). The perpendicular
center deformation was approximately 60µm, as demonstrated in �gure 4.19 d).
The substrate deformation was therefore much larger for the region above the
open window geometry compared to the region that was not a�ected by substrate
thinning, and thus closely represents the measured sample deformation. The sim-
ulation results were used to identify the stress and strain state of the deformed
thin �lm material. A maximum of the von Mises stress with a value of 440 MPa
was found exactly at the region where the silicon material had been completely
removed, as depicted in �gure 4.19 e) and the deformation results in a maximum
strain of 0.28 %, also found at the described region of the thin �lm material, as
shown in �gure 4.19 f).

The simulation results indicated a high stress and strain level in the region that
was found to predominantly exhibit the tear defects. The wet etching, in com-
bination with the compressive stress of the GC material was therefore assumed
to be the reason of the observed tears in the GC windows that exceed a certain
thickness threshold.

Wafer curvature measurements were therefore performed using the measurement
scheme described in Chapter 2. GC material with a thickness of between 550 nm
and 1.8 µm was deposited onto silicon substrates with a thickness of 250µm uti-
lizing the wafer scale deposition system. The backside GC material was removed
in the center forming a circular etch mask with a diameter of 7 mm. The surface
bow of the 1 cm by 1 cm samples was measured by scanning across the surface
and recording the distance to the sensor head and are given in �gure 4.20 a). The
de�ection increases monotonically with the GC thickness and the pro�les were
�tted to a circle with the radius R and a high value of R corresponds to a low
surface curvature. Wet etching was performed following the bow measurements
and the windows identi�ed that exhibited tears in the GC material. The thick-
ness of the GC material was measured as described in Chapter 2 and the radius
of curvature of the sample related to the GC thickness as shown in �gure 4.20 b).
The average stress of the evaluated GC samples was obtained by employing the
Stoney's equation introduced in Chapter 2 and results in an average, compressive
stress of 420 MPa. The samples that exhibited tearing during the window etching
are marked by the color red and a thickness threshold of approximately 1.1 µm
was found for the employed GC material.
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4 Window Fabrication

Figure 4.20: The measured sample deformation, due to the compressive residual
stress of the GC material, of GC coated silicon substrates with a thickness of 250 µm
are given in a). Each line pro�le corresponds to an individual sample with increasing
GC thicknesses. The corresponding radius of the substrate curvature, as obtained
by �tting a circle to the data shown in a), is related to the GC thickness as presented
in b). The red colored data points correspond to samples that led to tear formation
during wet etching. The thickness threshold is indicated and a GC thickness above
the threshold assumed to induce tear formation.

4.3.2 Proposed Solution: Two Step Growth Process

The observed thickness limitation was seen as a direct result of the compressive
stress of the deposited GC material and the wet etching process. A two step
growth process was therefore proposed and evaluated.

A GC x-ray transmission window with a thickness signi�cantly below the thick-
ness threshold that leads to tear formation was fabricated as described in section
4.2. In a second step, additional GC material was deposited onto the GC window
surface until the desired total GC thickness was obtained. A front view pho-
tograph of the GC x-ray transmission window with an initial GC thickness of
approximately 500 nm is given in �gure 4.21 a).

The sample exhibited the typical wrinkle formation. Additional GC material
was subsequently deposited onto the window until a thickness of approximately
8 µm was obtained. The thickness increase of the free standing GC �lm resulted
in a reduced number of wrinkles that exhibited a wider structure, as can be seen
in the photographs that were taken at intervals during the additional growth
processes.
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Figure 4.21: A front side photograph of a GC window with a thickness of 500 nm
is depicted in a) and was subsequently employed as a substrate for the deposition of
additional GC material. The photograph shown in b) depicts the GC window after
one, in c) after two, in d) after four and in e) after �ve additional GC deposition
processes. Each process is assumed to add 1.5 µm of GC material. The measured
step height of the GC material deposited during the additional deposition processes
onto a silicon reference sample is demonstrated in the diagram shown in f).

The photographs shown in �gure 4.21 were taken after one additional deposi-
tion process, shown in b), after two, shown in c), after four, shown in d), and
after 5, shown in e), additional deposition processes. Each process was assumed
to deposit approximately 1.5 µm of GC material. The GC thickness was measured
on a silicon sample that was placed in the reactor as a reference during the addi-
tional deposition processes. The step height measurement, obtained as discussed
in Chapter 2, of the reference sample with a step height of 7.7 µm is given in �gure
4.21 f).

The �nal window thickness was therefore assumed to be 8.2 µm. The GC thick-
ness was seen as an estimated value, as the reference thickness was measured
on a silicon sample and it is unclear how the deposition on a free standing GC
�lm in�uences the GC deposition rate. None the less, the observed changes in
the wrinkle formation and the mechanical behavior indicated that a substantial
amount of additional material was deposited onto the GC window.

121



4 Window Fabrication

The thus fabricated GC x-ray transmission window did not exhibit tears or
other defects and the proposed two step deposition process was therefore seen as
a viable route to fabricate GC windows with much larger GC thicknesses compared
to the discussed thickness thresholds.

Final Windows

The developed and presented processing scheme allows the fabrication of GC x-
ray transmission windows with a circular window geometry and GC low energy
x-ray transmission windows with a bar support structure as well as with an ar-
bitrary window design using pre-structured silicon substrates. The use of round
silicon substrates with a diameter of 9.75 mm allows a direct replacement of cur-
rently used x-ray transmission windows and the standard detector housing does
not have to be adjusted.

The GC x-ray transmission windows were decontaminated after wet etching, as
potassium hydroxide is not CMOS compatible, in order to rule out contamination
of the used equipment. A hot bath in a solution comprising of (H2O:HCl:H2O2)
with a mixing ratio of (5:1:1) for 20 minutes, followed by rinsing with de-ionized
water was therefore performed.

The GC x-ray transmission windows with a round silicon substrate, as shown in
�gure 4.22 a), can subsequently be glued into a TO8 detector housing for testing.
A photograph from the bottom of a TO8 housing incorporating a GC x-ray trans-
mission window is shown in �gure 4.22 b). The detector housing subsequently
o�ers a highly x-ray transparent opening for the incoming x-ray radiation. A
photograph of the �nal housing con�guration employing a GC window with an
open window diameter of 7 mm is shown in �gure 4.22 c) and employing a GC low
energy x-ray transmission window with a hexagonal cell design is shown in 4.22
d) and are subsequently available for evaluation.
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4.3 Thickness Limitations of the Fabrication Scheme

Figure 4.22: A photograph of GC x-ray transmission windows that are ready for
evaluation is depicted in a), and the GC windows can subsequently be glued into a
TO8 housing as demonstrated in b). The photograph was taken from the bottom of
a TO8 housing, with a GC x-ray transmission window glued into the corresponding
window position. A front view photograph of a TO8 housing with an incorporated
GC x-ray transmission window with an open diameter of 7 mm is shown in c) and
a TO8 housing incorporating a GC low energy x-ray transmission window with a
hexagonal cell design is presented in d).
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5 Evaluation of Graphenic

Carbon as a Window Material

The deposited GC material was evaluated by fabricating GC x-ray transmission
windows and probing the window properties. In addition, bulge testing and Ra-
man spectroscopy were employed to extract the material properties of the de-
posited GC material. The results are presented in this chapter and complemented
by �nite element simulations for an in-depth understanding of the mechanical
behavior of the GC x-ray transmission windows.

5.1 Performance of Graphenic Carbon X-ray

Transmission Windows

GC x-ray transmission windows, fabricated as described in Chapter 4, were evalu-
ated in regard to the window requirements discussed in Chapter 2. This includes
the energy dependent x-ray transmission, helium leak tightness, mechanical sta-
bility, light tightness, resistance against ozone and hard x-ray exposure and the
electrical conductivity of the GC x-ray windows.

5.1.1 X-ray Transmission

The x-ray transmission of the GC x-ray transmission windows was measured as
described in Chapter 2. The energy dependent x-ray transmission of GC windows
with a thickness of 2 µm and 1 µm, respectively, are shown in �gure 5.1 for the
energies between 0.1 keV and 6 keV. The measured x-ray transmission of a Du-
raCoat beryllium window is given as a reference and corresponds to a beryllium
thickness of 10.76µm, excluding the passivation layer, which is within the speci�ed
thickness tolerance of 8 µm thick commercial Be windows, as discussed in Chapter
2.

The x-ray transmission of both GC windows is higher than the x-ray transmis-
sion of the Be window and an especially high transmission for the carbon Kα
radiation is observed. The di�erence in transmission becomes indistinguishable
for energies approaching 6 keV and above.
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5 Evaluation of Graphenic Carbon as a Window Material

Figure 5.1: The measured x-ray transmission of GC x-ray transmission windows
with a GC thickness of 2 µm and 1µm and of a DuraCoat Be window for the energy
range of 0.1 keV to 6 keV are given in a). The GC x-ray transmission windows o�er a
superior transmission for energies below 2.5 keV as demonstrated in b). The discrete
data points correspond the the measured transition lines and the continuous data
were generated with the web applet supplied by the CXRO [38] for a GC density of
2.2 g/cm3.

Figure 5.2: The measured helium leak rate of a 2µm, as shown in a), and of a
1µm, as shown in b), thick GC x-ray transmission window with an open diameter of
approximately 7 mm remained below the tolerated leak rate of 1 × 10−10 mbar l/s, as
indicated by the dashed line. The leak test was performed for a su�ciently long time
to exclude the measurement of desorbing helium from the inside of the test chamber,
which manifests as an increased leak rate at the beginning of the measurements.
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5.1 Performance of Graphenic Carbon X-ray Transmission Windows

The continuous data were obtained by simulating the transmission for the ele-
ment carbon with the corresponding thickness and �tting the material density to
the discrete date points, utilizing the web applet supplied by the CXRO [38]. A
density of 2.2 g/cm3 was found to o�er the best �t for the GC material, which is
close to the theoretical value of single crystal graphite (2.25 g/cm3) [215].

5.1.2 Helium Leak Tightness

GC x-ray transmission windows with an open window diameter of approximately
7 mm and a GC thickness of 2µm and 1 µm, respectively, were glued into the cap
of a TO8 housing and subsequently tested for helium leak tightness as described
in Chapter 2. Both GC x-ray transmission windows exhibited a helium leak rate
below the required limit of 1 × 10−10 mbar l/s as shown in �gure 5.2 and were
therefore considered helium leak tight.

5.1.3 Mechanical Stability

The mechanical stability of the GC x-ray transmission windows was evaluated by
measuring the burst pressure of the GC x-ray transmission window by applying
an increasing di�erential pressure across the window until failure, as described in
Chapter 2. The resilience against dynamic pressure variations was tested by cyclic
pressure loading of the GC windows.

5.1.3.1 Burst Pressure

The burst pressure values of GC x-ray transmission windows with a varying GC
thickness were determined in order to identify the required GC thickness neces-
sary to comply to the mechanical stability requirements discussed in Chapter 1.
A GC x-ray transmission window during burst pressure testing, with a GC thick-
ness of 1.7 µm and a window diameter of 6.9 mm, is shown in �gure 5.3 a). The
photographs were taken from the back of the window at increasing di�erential
pressure values. The free standing GC material was consequently de�ected up-
wards and the wrinkles were gradually smoothed out, as the di�erential pressure
was increased. The large de�ection and bulging of the window center becomes
visible as the re�ections of the LED light sources are de�ected in a radial manner,
which are visible as bright spots on the window material. The di�erential pressure
was increased until window failure occurred at a di�erential pressure of 1400 mbar.
The GC material was completely removed after the window failure and little free
standing GC material remained visible.
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5 Evaluation of Graphenic Carbon as a Window Material

Figure 5.3: Burst pressure testing of the GC x-ray transmission windows results
in a large de�ection and bulging of the GC window material as demonstrated in a),
depicting bottom view photographs of a burst pressure tested GC window with a
GC thickness of 1.7 µm and an open window diameter of 6.9 mm. The di�erential
pressure was increased from 0 mbar until window failure occurred at a di�erential
pressure of 1400 mbar and the free standing GC material was completely removed.
The measured burst pressure values of GC x-ray transmission windows with an open
window diameter of 7 mm and the corresponding GC thicknesses are given in b).
The dashed line serves as a guide for the eye indicating the maximum encountered
values. The extracted speci�c strength values for the tested GC windows and the
corresponding GC thickness are shown in c). A linear �t results in a negative
correlation with the GC thickness, as indicated by the dashed line.
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5.1 Performance of Graphenic Carbon X-ray Transmission Windows

The stability of the GC x-ray transmission windows against a di�erential pres-
sure load that acts across the window geometry was measured for GC thicknesses
ranging from 230 nm to 2.3 µm, as shown in �gure 5.3 b). The obtained burst
pressure values were normalized to an open window diameter of 7 mm to account
for fabrication variations and generally show an increasing pressure stability for
an increasing GC thickness. A large variation in the burst pressure values was
observed, even for windows with a nearly identical GC thickness and assumed to
arise from defects in the GC material. The discussed window geometry exhibits
a critical area of 38.5 mm2, which is large for the class 1000 clean room environ-
ment used for the window fabrication. Hence for most of the tested windows, the
limiting factor was assumed to not be the intrinsic strength of the GC material
but window failure assumed to occur at defects of the GC material and thus at
the weakest point of the open window region. The dashed line, in �gure 5.3 b),
was therefore seen as a lower limit for the intrinsic stability of GC x-ray transmis-
sion windows. A GC window thickness of 1 µm was subsequently seen su�cient
to withstand the targeted di�erential pressure load of 2 bar for an open window
diameter of 7 mm.

The calculated, speci�c strength of GC x-ray transmission windows, as intro-
duced in Chapter 2, is seen as a �gure of merit for the mechanical stability of
the windows, as it is independent of the window diameter and GC thickness. The
speci�c strength of the tested GC windows is shown in �gure 5.3 c) and a standard
deviation of 0.11 GPa identi�ed and attributed to the discussed defects in the GC
material. A negative correlation with an increasing GC thickness is apparent as
indicated by the dashed line of best �t. The negative correlation is assumed to
arise from the compressive stress of the GC material, which ultimately leads to the
formation of tears and window failure during the window fabrication, as discussed
in Chapter 4. It is assumed that although no tears or cracks were visible, the
increased GC thickness resulted in a growing number of minor defects that reduce
the overall stability of the GC x-ray transmission windows.

5.1.3.2 Cycle Stability

Cyclic testing of the GC x-ray transmission windows was performed by applying a
di�erential pressure of at least 1200 mbar across the GC window in a cyclic manner,
as discussed in Chapter 2. A GC window that was glued into a TO8 housing with
no di�erential pressure acting on the thin window is shown in sub-�gure (i) of
�gure 5.4 a). The wrinkles of the GC material are clearly visible. The application
of a vacuum to the inside of the detector housing results in a di�erential pressure
across the GC window. The GC thin �lm is signi�cantly de�ected downwards and
the wrinkles are smoothed out as the di�erential pressure weighs down on the free
standing GC material, as shown in sub-�gure (ii). The cyclic loading therefore
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5 Evaluation of Graphenic Carbon as a Window Material

leads to a large stress on the window material near the window frame due to the
pressure induced de�ection of the GC material.

Figure 5.4: Dynamic pressure changes across the GC x-ray transmission window
result in a large de�ection and deformation of the window material as indicated in
the photographs of a TO housing incorporating a GC window without (i) and with
an applied vacuum (ii) to the inside of the detector housing. The maximum and
minimum di�erential pressure of each pressure cycle during cycle testing of a GC
window with a diameter of 6.9 mm and a thickness of 1 µm are given in the diagram
shown in b). The cycle tested GC window remained helium leak tight after ten
million pressure cycles as demonstrated in c).

Cyclic testing was performed with a frequency of 3 Hz and ten million pressure
cycles did not lead to window failure as shown in �gure 5.4 b), for a GC x-ray
transmission window with an open window diameter of 6.9 mm and a GC thickness
of 1 µm. The maximum and minimum di�erential pressure values across the GC
window were recorded for each pressure cycle. The tested GC material showed a
high resilience against material fatigue as no visual alteration was observed and the
window remained intact. A subsequent helium leak test was performed with the
cycle tested window in order to rule out micro crack formation and a helium leak
rate below the required 1 × 10−10 mbar l/s was measured, verifying the window
integrity as shown in �gure 5.4 c).

5.1.4 Light Tightness

The light tightness of the GC material was tested as described in Chapter 2. The
count rates of the low light detector for front side illumination of the detector
housings incorporating a 1 µm and 2 µm thick GC x-ray transmission window and
a 8 µm thick Be window, respectively, are shown in �gure 5.5 a).
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5.1 Performance of Graphenic Carbon X-ray Transmission Windows

Figure 5.5: The measured output counts of a low light detector placed behind
the di�erent window types under front illumination are shown in a). The typical
and maximum speci�ed dark count rates of the low light detector are indicated by
the dashed lines. The energy resolution of a SDD detector module incorporating
a 1 µm thick GC x-ray transmission window was determined for peaking times be-
tween 0.1 ms and 8 ms for Mn Kα radiation. Illuminating the detector during the
measurements did not lead to a deterioration of the measured energy resolution, as
demonstrated in b).

The measured count rates were close to the typical dark count rates of the low
light detector, speci�ed with 900 kcps, and signi�cantly below the maximum dark
count rates as speci�ed with 1500 kcps. No signi�cant change in the output count
rate of the low light detector was observed for the three window types during illu-
minated, compared to non-illuminated measurements. No di�erence in the light
blocking ability between the Be window and the GC windows was therefore iden-
ti�ed with the described measurement scheme.

In order to verify the light tightness of 1 µm thick GC x-ray transmission win-
dows and to rule out an insu�cient sensitivity of the low light detector, the in�u-
ence of illumination on the energy resolution of a SDD detector module incorpo-
rating a 1 µm thick GC x-ray transmission window was evaluated. The measured
energy resolution for the Mn Kα (5.895 keV) radiation of the tested detector mo-
dule, is shown in �gure 5.5 b). While the di�erent peaking times have an in�uence
on the detector resolution, no deterioration is induced by changing the illumina-
tion source from the 'o�' to the 'on' state. The temperature of the detector was
kept at −55 ◦C during the measurements and the light tightness of the 1 µm thick
GC x-ray transmission window was consequently veri�ed.

The energy resolution shows the typical dependency on the chosen peaking time
of the detector. The highest resolution was obtained at a moderate peaking time.
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5 Evaluation of Graphenic Carbon as a Window Material

The peaking time is equivalent to the time available to integrate the generated
charge at the output node. A reduced peaking time limits the averaging of the
generated thermal noise and can even lead to incomplete charge collection, de-
teriorating the energy resolution, whereas long peaking times lead to a larger
contribution of the current noise, introduced from the ampli�er electronics. For a
more detailed discussion of the individual noise components, responsible for the
resolution dependency on the peaking time of the detector module, it is referred
to reference [1].

5.1.5 Resistance Against X-ray Exposure and Ozone

The resilience of GC x-ray transmission windows against x-ray and ozone exposure
was evaluated for GC windows with a GC thickness of 1 µm and an open window
diameter of 7 mm as described in Chapter 2.

The GC windows were exposed to a total ionizing dose of 6 × 1012 photons with
an energy of 30 keV, which corresponds to a six-fold of the guaranteed irradiation
stability of the SDD detector. No visible deterioration of the GC material or in-
creased helium leak rates were observed after exposure, compared to a helium test
performed prior to the experiment. The measured helium leak rate stayed below
1 × 10−10 mbar l/s, as shown in �gure 5.6 a).

Figure 5.6: The measured helium leak rate of a 1 µm thick GC x-ray transmission
window after irradiation with a total ionizing dose of 6 × 1012 photons with an
energy of 30 keV is shown in a) and after ozone exposure testing in b). The helium
leak rate remained below the required 1 × 10−10 mbar l/s.

In a second experiment, GC windows were placed in front of an ozone contain-
ing gas �ow for a total of three days for ozone exposure testing. A subsequent
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helium leak test did not show an increased helium di�usion compared to a test
performed before the ozone exposure and the measured helium leak rate was below
1 × 10−10 mbar l/s, as shown in �gure 5.6 b).

5.1.6 Electrical Conductivity

The electrical conductivity of the GC window material was measured as described
in Chapter 4. GC material with a thickness of 1 µm was deposited onto a silicon
substrate and a sheet resistance of 10.77 Ω/� determined. The corresponding bulk
resistivity of the GC material was subsequently identi�ed to be 1.1 mΩ cm.

5.2 Mechanical Characterization of the

Graphenic Carbon Material

The mechanical properties of the GC x-ray window material were characterized
by bulge testing and Raman spectroscopy. In addition, FEM simulations were
performed in order to obtain an in-depth understanding of the mechanical behavior
of the GC x-ray transmission windows and to verify the implications that arise
from the compressive residual stress of the GC material.

5.2.1 Bulge Testing

Bulge testing is a common method to extract the Young's modulus and residual
stress of thin �lm materials. The implications that arise from the compressive
stress of the GC material and the employed measurement setup were introduced
and discussed in detail in Chapter 2.

Free standing GC �lms were fabricated as discussed in Chapter 4 and the dif-
ferential pressure induced �lm de�ection was measured using a WLI displacement
sensor. Samples with varying GC thickness and circular as well as rectangular
window geometries were employed for bulge testing as shown in �gure 5.7 a). The
pressure induced thin �lm de�ection was measured by performing line scans across
the window geometry at the positions indicated by the arrows.

The typical de�ection pro�les, as obtained by bulge testing a circular, free
standing GC �lm with a diameter of 6.9 mm and a GC thickness of 950 nm, are
shown in �gure 5.7 b).
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Figure 5.7: The probed window geometries for bulge testing are shown in the
photographs in a). Line scans were performed along the direction indicated by the
arrows. The measured de�ection pro�les of a GC window with an open diameter of
6.9 mm and a GC thickness of 950 nm, under an increasing di�erential pressure are
demonstrated in b). A low di�erential pressure of 6 mbar was applied to smooth the
wrinkles of the GC material and was subsequently considered the reference height.
The measured pressure dependent center de�ection of four di�erent windows are
shown in c). Samples A, B and C exhibited a circular and sample D a rectangular
window geometry. The corresponding strain-stress values of the window material
was calculated as discussed in Chapter 2 for the probed windows and are given in
d).
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Each line pro�le corresponds to a pre-set di�erential pressure that was in-
creased in a non monotonically manner until the maximum di�erential pressure
of 950 mbar was reached. A low di�erential pressure of 6 mbar was applied as a
pre-stressing step in order to reduce the impact of the present wrinkles. The cor-
responding de�ection was subsequently interpreted as the starting point for the
de�ection measurements. This was necessary due to the compressive stress of the
GC material as discussed in Chapter 2.

The line scans were subsequently used to extract the center de�ection of the
free standing GC �lms for a given di�erential pressure. The pressure dependent
center de�ection of four samples are shown in �gure 5.7 c). Sample A, B and C
correspond to a circular geometry with a diameter of 6.9 mm, 7.3 mm and 5.4 mm
and a GC thickness of 950 nm, 1100 nm and 1000 nm, respectively. Sample D
exhibited a rectangular design with an aspect ratio greater than four, a rectangle
width of 1.04 mm and a GC thickness of 140 nm. The impact of the open diameter
of the thin �lm geometry is clearly visible and an increased diameter leads to a
larger center de�ection.

The pressure de�ection curves were subsequently used to calculate the strain
and stress state of the free standing GC �lms for each of the samples, based on the
equations introduced in Chapter 2. The extracted strain-stress curves of the four
samples are given in �gure 5.7 d). A linear �t of the data was employed to extract
the bi-axial modulus, respectively the uni-axial modulus for the rectangular sam-
ple, of the GC material. The Young's modulus of the samples was subsequently
calculated as described in Chapter 2 and the results are given in table 5.1.

Table 5.1: Summary of the discussed, bulge tested samples and the obtained values
for the Young's Modulus of the GC material. The maximum calculated stress,
as obtained at the maximum di�erential pressure, is also indicated but does not
represent the ultimate tensile strength as the windows were still intact.

Sample Diameter GC Thickness Young's Modulus Max Stress

A 6.9 mm 950 nm 142 GPa 870 MPa

B 7.3 mm 1100 nm 115 GPa 780 MPa

C 5.4 mm 1000 nm 124 GPa 690 MPa

D 1.04 mm 140 nm 136 GPa 1.4 GPa

The maximum stress value calculated for sample D was found to be 1.4 GPa
and was substantially larger than for the other samples, as shown in �gure 5.7 d)
and table 5.1. This is due to the reduced GC thickness of sample D. The uni-axial
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stress and strain state of the rectangular sample D therefore allows the stress value
to be regarded as an indication of the high ultimate tensile strength of the GC
material, which is commonly determined by tensile testing that results in a similar
uni-axial stress loading.

A standard deviation of 12.09 GPa was identi�ed for the determined values of
the Young's modulus with an average value of 129.3 GPa. The origin of the large
variation is unclear but assumed to result from the compressive residual stress
state of the GC material. FEM simulations were therefore performed in order to
obtain a better understanding of the implications that arise from the compressive
stress of the GC material in regard to the bulge testing experiments.

5.2.1.1 Simulation of the Mechanical Behavior

The workspace environment provided by ANSYS 14.5 was employed to design the
GC x-ray transmission window geometry comprising of a thin �lm material that is
supported by a window frame. The material properties of silicon, which are avail-
able within the software suite, were allocated to the frame material and a Young's
modulus of 130 GPa, a Poisson's ratio of 0.16 and a density of 2.2 g/cm3 chosen
for the thin �lm material in order to resemble the GC material. The material
constants were chosen based on the previous experiments. A bottom view image
of the designed window geometry with an open diameter of 1 mm and a thin �lm
thickness of 1 µm is shown in �gure 5.8 a).

The reduced window diameter was necessary in order to reduce the number of
nodes during the meshing process of the simulated geometry. The high aspect
ratio of the thin, free standing material and the large lateral dimensions of the
window geometry is known to be problematic for FEM simulations and increases
the required number of nodes dramatically. The reduction of the window diame-
ter to 1 mm was assumed to not alter the general validity of the simulation results.

A pre-loading step was performed in order to induce a compressive residual
stress within the thin �lm material of approximately 400 MPa, as described in
Chapter 2, and wrinkles were subsequently formed in the free standing thin �lm
material as shown in �gure 5.8 b).

In the following step, a di�erential pressure of 1 bar was applied across the win-
dow geometry and the free standing material was de�ected downwards, as shown
in �gure 5.8 c). The wrinkles were smoothed out but remain clearly visible near
the window frame and the simulated window closely represents the visual ap-
pearance of GC x-ray transmission windows under a di�erential pressure load, as
shown throughout this thesis.
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Figure 5.8: a) The back side view of the simulated GC window geometry is depicted
in a). A 1µm thick �lm is supported by a silicon frame. The same window geometry,
after the pre-loading step, is shown in b) and the resulting compressive stress leads
to wrinkle formation within the free standing material. A front view image of the
simulated window under an additional pressure load of 1 bar is demonstrated in c).
The free standing �lm is de�ected downwards and the wrinkles are smoothed out in
the window center but remain present near the window frame. The calculated von
Mises stress distribution of the thin �lm material at a di�erential pressure of 1 bar
is shown in d) and a maximum is observed near the window frame. The window
frame region of the pre-stressed and pressure loaded window is shown in e) in more
detail. The von Mises stress values along a path across the window geometry are
shown in f), with A denoting the the material at the window frame edge and B the
window center.
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The simulated von-Mises stress distribution of the window and frame material
is shown in �gure 5.8 d). The stress distribution does not exhibit a homogeneous
distribution and signi�cantly increased stress values were identi�ed at the edge
of the free standing region. In contrary to simulations performed without a com-
pressively stressed thin �lm material (not shown), a periodic stress pattern was
visible that closely resembles the wrinkles near the window frame. The resulting,
complex stress distribution exhibits a maximum stress value of 1.26 GPa near the
window frame.

The cross section view of the window edge region is shown in �gure 5.8 e) in
more detail. The high stress values were con�ned to a small area directly above
the edge of the window frame. The von-Mises stress values were extracted from
a line path across the tested window geometry under a pressure load of 1 bar, as
demonstrated in �gure 5.8 f). An increase by a factor of approximately 4.5 was
found for the material stress at the window edge, denoted as position A, compared
to the window center, denoted as position B. The region near the window frame
was therefore identi�ed as a critical area, as material failure is assumed to occur
predominantly in this high stress region.

While the von Mises stress values are useful to determine the intensity of the
encountered stress, the simulation results also contain the direction of the stress
vectors. A bi-axial tensile stress state was only observed near the window center
but the transition to a uni-axial state near the window frame, as postulated by
Small et al. [150] was only observed for thin �lms without a residual compres-
sive stress state. Instead the simulations with the compressively stress material,
as shown in �gure 5.8, veri�ed that circumferential compressive stress remains
present near the window frame, even at an applied di�erential pressure of 1 bar.
The complicated stress and strain state at the window frame was not taken into
account by the equations during the bulge testing experiments and the results
therefore have to be considered with care.

In order to obtain a better understanding of the results obtained by the bulge
testing experiments, the simulated center de�ection data was used as measure-
ment input for equation 2.16 that was employed to calculate the stress of the GC
material during bulge testing. In contrary to the simulated, maximum stress value
of 1.26 GPa, encountered near the window frame, the calculated stress is deter-
mined to be only 248 MPa. This corresponds to a reduced stress value by almost
a factor of �ve. On the other hand, the calculated stress corresponds closely to
the stress values found in the center of the window as shown in �gure 5.8 f).
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5.2 Mechanical Characterization of the Graphenic Carbon Material

The stress values determined during the bulge test experiments are therefore
interpreted as a lower limit, as the simulations have shown that the stress value
of the material is signi�cantly enhanced in the region close to the window frame.
It is assumed that the encountered maximum stress value is responsible for the
overall window stability and the ultimate tensile strength of the GC material is
therefore substantially larger than the discussed value of 1.4 GPa.

The simulation results indicating an enhanced stress value near the window
frame were supported by the observations made during the burst pressure mea-
surements, as it was encountered that the GC material was completely removed
and little free standing GC material remained after window failure. This was seen
as an indication that the window failure occurred near the window frame, which
would be in line with the simulated stress distribution.

5.2.2 Raman Spectroscopy: Stress Measurements

The fact that bulge testing of compressive thin �lm materials is seen as problem-
atic in regard to the unknown systematic error of the measurements, as discussed
in Chapter 2 and veri�ed by the FEM simulations, Raman spectroscopy was ad-
ditionally employed to probe the stress and strain state of the GC material, as
it was deformed due to di�erential pressure loading. A detailed discussion of the
underlying theory and the used measurement setup was given in Chapter 2.

A front view photograph of the probed GC window with an open diameter of
6.9 mm and a GC thickness of 950 nm is shown in �gure 5.9 a). The Raman spec-
tra were obtained along the indicated line, subsequently moving from the window
frame to the center of the free standing GC material. The position of the G-peak
was determined for each of the measured Raman spectra and used to evaluate the
stress state of the GC material.

The G-peak positions of the Raman spectra obtained at the indicated sample
positions, for the relaxed window state and for a de�ected window state, are shown
in �gure 5.9 b). The de�ection was induced by applying a di�erential pressure
of 900 mbar across the window and a signi�cant downward shift of the G-peak
positions was observed due to the deformation of the GC material. The G-peak
position for Raman spectra that were obtained from the window frame region,
exhibited an upward shift to higher wave numbers which corresponds to a com-
pressive stress state, as discussed in Chapter 2. While the G-peak positions of the
Raman spectra obtained from the window frame region were not a�ected by an
applied di�erential pressure, the G-peak positions of the Raman spectra obtained
from the free standing GC material were downward shifted, indicating a tensile
stress state.
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5 Evaluation of Graphenic Carbon as a Window Material

Figure 5.9: A front view photograph of a free standing, circular GC �lm with a
thickness of 950 nm is shown in a) and Raman spectra were measured along the
indicated line. The extracted G-peak positions of the Raman spectra, that were
obtained at the corresponding positions of the sample shown in a), are given in the
diagram b). Measurements were performed for the relaxed GC state and with an
applied di�erential pressure of 900 mbar. The G-peak position and the calculated
stress of the GC material at the center of the free standing region, for the given
di�erential pressure, is depicted in c). The extracted strain to G-peak position
relation of the probed GC material is demonstrated in d).
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Interestingly, the shift of the G-peak position was highest at the center of the
free standing material and decreases towards the window frame. This is in con-
trary to the assumptions made during the bulge testing scenario that assumed a
constant stress and strain value throughout the GC material. Raman measure-
ments performed on tilted GC samples did not show an angular dependency of
the Raman spectrum and the in�uence of the slope of the GC material in the
window frame region was therefore discarded as the source of the reduced shift of
the G-peak position. Mohiuddin et al. [158] demonstrated that uni-axial stress re-
duces the shift of the G-peak position in comparison to a bi-axial stress state. The
increasing G-peak positions near the window frame region were therefore partly
attributed to the gradual shift of a bi-axial stress and strain state at the window
center to an increasingly uni-axial stress and strain state at the window edge, as
discussed in Chapter 2.

The FEM simulation results, shown in �gure 5.8f) correspond well to the stress
distribution of the central window region, but the stress enhancement in the vicin-
ity of the window edge was not veri�ed by the Raman measurements and was
attributed to the rather large spot size of the used Raman spectrometer. The
measurements indicate an abrupt change from compressively stressed to tensile
stressed GC material at the window edge and it is assumed that the large stress
indicated by the FEM simulations and the abrupt change in the stress state poses
a signi�cant mechanical burden on the window material near the window frame
and makes the high mechanical strength of the GC x-ray transmission windows
even more astonishing.

Further experiments were performed at the center of the free standing region
where the FEM simulations veri�ed a bi-axial stress state, even for materials that
exhibit a compressive residual stress. Combining the Raman spectrometer mea-
surements with de�ection measurements therefore allowed the extraction of the
Young's modulus of the GC material as discussed in detail in Chapter 2. The evo-
lution of the G-peak position to lower wavenumbers, as the di�erential pressure
was increased from zero to 950 mbar, is demonstrated in �gure 5.9 c). The same
sample was used to measure the corresponding center de�ection of the free stand-
ing GC material and the stress of the GC material was calculated as described in
Chapter 2. The stress of the GC material correlated well with the G-peak position,
as shown by the second y-axis of the �gure 5.9 c). By plotting the strain of the
GC material, as obtained from the de�ection measurements, against the G-peak
position it was subsequently possible to calculate the Young's modulus of the GC
material by measuring the G-peak shift for a given strain value and comparing
the slope of the linear �t to that of a predominantly sp2 containing carbon mate-
rial of which the value of the Young's modulus is known, as discussed in Chapter 2.
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The linear �t led to a slope of δωG/δε = −9.4 cm−1/%. Metten et al. [140]
determined the slope of monolayer graphene to be δωG/δε = −57 cm−1/%, com-
pared to δωG/δε = −63 cm−1/% obtained by Mohiuddin et al. [158] for monolayer
graphene under bi-axial strain. None the less, both postulated a Young's modulus
of graphene of approximately 1 TPa, with 1.05 TPa and 1.09 TPa, respectively.
Employing these values in the aforementioned manner resulted in an approxi-
mated Young's modulus of the GC material of 173 GPa and 163 GPa respectively,
which is slightly higher than the average value of 129.3 GPa obtained during bulge
testing.

5.3 Performance of Graphenic Carbon Low

Energy X-ray Transmission Windows

The impressive properties of GC x-ray transmission windows with a thickness of
1 µm and 2 µm led to the development of the fabrication scheme for GC low en-
ergy x-ray transmission windows described in Chapter 4. The x-ray transmission,
helium leak rate, mechanical stability, optical transmission and electrical conduc-
tivity were therefore evaluated in order to identify, whether the GC thickness can
be su�ciently reduced, while complying to the requirements introduced in Chap-
ter 2. Especially the mechanical strength and helium leak and light tightness were
seen as problematic as they strongly depend on the GC thickness.

The window design d), as described in Chapter 4, incorporating a hexagonal cell
design with a cell width of 1 mm, was identi�ed as the most promising layout of the
pre-structured silicon substrate fabrication scheme, as the other proposed designs
exhibited a signi�cant shadowing e�ect due to the grid layout. Correspondingly,
design e), as described in Chapter 4, incorporating a bar support structure with a
cell width of 1 mm and a bar width of 200µm, was identi�ed as the most promis-
ing window design of the fabrication scheme employing (110) orientated silicon
substrates as the structuring of the GC material to form the 100µm thick bar
structures was found to be unreliable using the shadow mask fabrication scheme.

Two low energy GC x-ray transmission windows, incorporating the aforemen-
tioned window designs were fabricated and are shown in the photographs of �gure
5.10. Both windows passed vacuum testing, performed as described in Chapter 2.
The GC thickness of the window with the bar support structure, shown in �gure
5.10 a), was 140 nm, whereas the GC thickness of the window with the hexagonal
cell design, shown in �gure 5.10 b), exhibited a GC thickness of 220 nm. The
presented windows were employed to evaluate the feasibility and properties of a
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GC low energy x-ray transmission window.

Figure 5.10: A front view photograph of a GC low energy x-ray transmission
window with a hexagonal cell design is shown in a) and a front view photograph of
a GC low energy x-ray transmission window with a bar grid design is depicted in
b). The typical wrinkles are formed in the free standing GC regions.

5.3.1 X-ray Transmission

The x-ray transmission of the depicted GC low energy x-ray transmission windows
was measured, as described in Chapter 2, for the energies ranging from 0.1 keV to
2.5 keV. Both GC low energy x-ray transmission windows exhibited a signi�cantly
increased x-ray transmission for energies below 2 keV compared to a 1 µm thick
GC x-ray transmission window with an open window geometry, as shown in �gure
5.11 a).

The GC low energy x-ray transmission window with the bar support structure
exhibits a higher x-ray transmission for the low energy radiation due to the re-
duced GC thickness. The x-ray transmission saturates for energies above 1.5 keV
with a transmission of 84.6 % and 75.4 %, for the window with the bar support
structure and the hexagonal cell design, respectively. While the thin GC material
is almost completely transparent for energies above 1.5 keV, the supporting grid
remains radio opaque, blocking the x-ray radiation. The saturation transmission
is therefore only dependent on the FF of the window design, unless high energies
above 10 keV are taken into account, as discussed in Chapter 1.

A large di�erence in the saturation transmission of the two window designs was
encountered even though the speci�ed FF was identical, as described in Chapter
4. While the bar supported design exhibited only a slight reduction compared to
the speci�ed FF of 85 %, the hexagonal cell design showed a signi�cant reduction
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of the measured FF. This is assumed to arise from shadowing e�ects as the hexag-
onal grid design leads to shadowing in all angular directions in contrary to the
bar supported design, which only induces shadowing for the angular distribution
perpendicular to the bar structure.

Figure 5.11: The measured x-ray transmission of a GC low energy x-ray transmis-
sion window with a hexagonal and a bar supported design, for the energies between
0.1 keV and 2.5 keV, are shown in a). The measured x-ray transmission of a 1 µm
thick GC window with an open window geometry is included as a reference. The
measured x-ray transmission of the window with the bar supported design was found
to be more favorable and was compared to the measured x-ray transmission of a com-
mercial polymer and the literature values of a silicon nitride [54], low energy x-ray
transmission windows, as shown in b). The discrete, measured, data points were
complemented by simulated values using the web applet supplied by the CXRO [38]

The x-ray transmission of the GC low energy x-ray transmission window with a
bar supported design and a GC thickness of 140 nm is compared in �gure 5.11 b)
to the transmission of a commercial polymer and a commercial silicon nitride low
energy x-ray transmission window. The x-ray transmission of the GC window is
superior to the polymer window for all energies, while the silicon nitride window
exhibits a higher x-ray transmission for energies below 90 eV, between the energies
280 eV and 870 eV and a similar x-ray transmission for the remaining energies that
are shown.

5.3.2 Cycle Stability and Helium Leak Tightness

The discussed GC low energy x-ray transmission windows with a hexagonal cell
and a bar supported design were exposed to a cyclic di�erential pressure for 17k
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cycles without window failure. The maximum di�erential pressure of each cycle
was 950 mbar and the di�erential pressure was applied with a cycle frequency of
0.5 Hz. Subsequent helium leak testing did not result in a helium leak rate above
the required leak rate of 1 × 10−10 mbar l/s, as shown in �gure 5.12 a).

Figure 5.12: The measured helium leak rates of the discussed GC low energy x-ray
transmission windows after cyclic testing with an atmospheric di�erential pressure
and 17k pressure cycles are given in a). The measured, optical transmission of the
140 nm thick GC window with a bar supported window design is shown in b) for
the wavelengths between 450 nm and 850 nm. The measured optical transmission
of a polymer window, including an aluminium light blocking layer, is included as a
reference.

5.3.3 Light Tightness

The light tightness of the bar supported GC low energy x-ray transmission window
with a GC thickness of 140 nm was evaluated using the measurement scheme dis-
cussed in Chapter 2. The reduced GC thickness results in a signi�cantly reduced
light blocking ability compared to the discussed GC x-ray transmission windows
with a GC thickness of 1 µm. The optical transmission for the wavelengths ranging
from 450 nm to 850 nm was therefore determined and compared to the transmis-
sion of a commercial polymer window, as shown in �gure 5.12 b). The light
blocking ability is superior compared to a commercial, �uorescent blind polymer
low energy x-ray transmission window and exhibits a wavelength dependency that
is similar to that known from graphene and other graphitic materials [165, 167].
No information regarding the light blocking ability of the SiN low energy x-ray
transmission window was available, but it is assumed to be similar to the polymer
window as a thin aluminium layer is also employed as the light blocking layer [42].
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5.3.4 Electrical Conductivity

The electrical conductivity of a 140 nm thick GC low energy x-ray transmission
window was measured on a GC coated silicon substrate and a sheet resistance of
64.0 Ω/� determined which corresponds to a bulk resistivity of the GC material
of 0.9 mΩ cm.

5.4 Wafer Scale Fabrication of Graphenic Carbon

X-ray Transmission Windows

The wafer scale deposition of the GC material introduced in Chapter 3 allows the
use of silicon substrates with a diameter of 150 mm, as shown in �gure 5.13 a),
and was seen as a prerequisite for industrial fabrication of GC x-ray transmission
windows.The wafer substrates were subsequently cut into 1 cm by 1 cm samples as
shown in �gure 5.13 b, which allows the window fabrication with the fabrication
scheme developed for the single window process as described in Chapter 4.

Figure 5.13: A photograph of a silicon wafer with a diameter of 150 mm after the
GC deposition is depicted in a). The wafer substrates were subsequently cut into
1 cm by 1 cm GC coated silicon samples as shown in the photograph given in b).

5.4.1 Mechanical Stability: Burst Pressure

GC x-ray transmission windows fabricated from the GC material that was de-
posited using the wafer scale deposition process exhibited an excellent mechanical
stability, as shown in �gure 5.14 a). The burst pressure values of GC x-ray trans-
mission windows with an open window diameter of approximately 7.2 mm and GC
thicknesses between 530 nm and 1060 nm range between 2.5 bar and 6.9 bar. Bulge
test experiments were conducted and an increased value of the Young's modulus of
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170 GPa was encountered and seen as the reason for the improved pressure stabil-
ity. Surprisingly, the highest stability against pressure loading was found at a GC
thickness of 700 nm to 800 nm and decreased for larger GC thicknesses. The neg-
ative correlation of the GC thickness and the mechanical strength becomes even
more apparent if the speci�c strength value of the tested windows is plotted ver-
sus the GC thickness, as shown in �gure 5.14 b). The speci�c strength decreases
signi�cantly with the GC thickness, an aspect that has already been identi�ed for
the GC windows fabricated using the single sample deposition process, but the
impact is much more pronounced.

Figure 5.14: The measured burst pressure values for GC x-ray transmission win-
dows fabricated from GC material deposited by the wafer scale deposition process,
with a diameter of approximately 7.2 mm and the corresponding GC thickness, are
shown in a). The corresponding speci�c strength values of the tested windows is
given in b). A negative correlation with an increasing GC thickness is encountered
as indicated by the dashed line of best �t.

The negative correlation of the encountered window stability is again attributed
to the large compressive stress and the resulting implications during the wet etch-
ing of the GC windows, as described in Chapter 4. The line of best �t in �gure
5.14 b) intersects the x-axis at a GC thickness value of approximately 1.2 µm and
indeed, windows with a GC thickness above 1.1 µm displayed tears and cracks
after the wet etching process as discussed in Chapter 4.

5.4.2 Two Step Growth Method

Therefore a two step deposition scheme was developed as introduced in Chapter 4
and experiments were conducted in order to determine whether the additional GC
material improves the mechanical stability of the GC x-ray transmission window.
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A number of GC x-ray transmission windows were fabricated with GC thicknesses
below the identi�ed thickness threshold, ranging from 420 nm to 720 nm. The
obtained burst pressure values for the corresponding GC thicknesses are shown
in �gure 5.15 a). The burst pressure values were normalized to an open window
diameter of 7 mm for better comparability. The resulting burst pressure values
were subsequently seen as reference values. A window with an initial GC thick-
ness of 500 nm was used to demonstrate the feasibility of the two step deposition
scheme. Additional GC material was added to the fabricated GC x-ray transmis-
sion window by subsequent deposition processes that led to a total GC thickness
of approximately 8 µm.

Figure 5.15: The measured burst pressure values for GC x-ray transmission win-
dows with an open window geometry of 7 mm and the corresponding GC thickness
are shown in a). The burst pressure value of a regrown GC window with an ap-
proximate GC thickness of 8 µm is indicated by the arrow, which is seen as a lower
limit as the silicon window frame broke during the measurement and not the GC
material. A photograph of the broken silicon window frame is shown in the inset
i). The pressure induced center de�ection of the GC window for varying amounts of
added GC material are demonstrated in b). The inset i) schematically depicts the
used measurement geometry.

Bulge test experiments were conducted with the regrown GC x-ray transmis-
sion window in order to determine whether the additional GC material improved
the mechanical stability of the GC x-ray transmission windows. The extracted
pressure de�ection curves are given in �gure 5.15 b). The pressure induced center
de�ection was signi�cantly reduced as the GC material thickness was increased
from 500 nm to 3.5 µm and 6.5 µm, respectively. This was interpreted as an indi-
cation that the additional GC material forms an integral part of the free standing
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GC material. Burst pressure testing of the regrown GC x-ray transmission window
with an assumed �nal GC thickness of 8 µm resulted in a burst pressure of 4.9 bar.
The window material did not fail but instead the integrated silicon window frame
broke during pressure testing as shown in inset i) of �gure 5.15 a). Unfortunately,
a silicon substrate with a reduced thickness of 250µm was used for this experi-
ment exhibiting a reduced mechanical stability. None the less, the obtained burst
pressure value was signi�cantly higher compared to the reference burst pressure
values for a GC window with a thickness of 500 nm, as indicated in �gure 5.15
a). The additional GC material therefore results in an increase of the mechanical
stability of the GC x-ray transmission window.

5.4.3 Mechanical Stability: Cycle Stability

Burst pressure testing of the GC x-ray transmission windows was complemented
by cyclic pressure testing. The encountered, high, mechanical stability of GC x-
ray transmission windows fabricated from the GC material deposited by the wafer
scale deposition process made cyclic pressure testing with a higher di�erential
pressure feasible as a GC x-ray transmission window with an open diameter of
7.2 mm and a GC thickness of 650 nm, withstood a di�erential pressure of 4 bar,
as shown in �gure 5.16 a).

Figure 5.16: The applied di�erential pressure across the 650 nm thick GC window
with an open diameter of 7.2 mm during pressure testing is shown in a). The window
did not break and the di�erential pressure was relieved at the end of the test. The
GC x-ray transmission window was subsequently employed for cyclic pressure testing
with an increased maximum di�erential pressure of 2400 mbar and the maximum and
minimum di�erential pressure that were reached for each pressure cycle is shown in
b).
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The di�erential pressure was held constant for short intervals in order to verify
the leak tightness of the test con�guration. The tested window did not fail, in-
stead the di�erential pressure was relieved after holding the di�erential pressure
of 4 bar for a short time.

Cyclic pressure testing was subsequently performed for the same window with
an increased minimum di�erential pressure of at least 2400 mbar per cycle. The
recorded maximum and minimum values of the di�erential pressure for each of
the pressure cycles are shown in �gure 5.16 b). Two million cycles did not lead to
window failure and subsequent helium leak testing (not shown) veri�ed the window
integrity. Cycle testing was performed with a frequency of 3 Hz and a pressure
reservoir with a pressure of 3000 mbar versus atmosphere was used, which explains
the infrequent overshoots of the applied di�erential pressure.

5.4.4 X-ray Transmission

X-ray transmission measurements were performed in order to rule out any negative
e�ects of the wafer scale GC deposition process. The measured x-ray transmission
of a 650 nm thick GC window is shown in �gure 5.17 a).

Figure 5.17: The measured x-ray transmission of a 650 nm thick GC window that
has been fabricated using the wafer scale deposition process is given in a). The
transmission of the discussed GC window with a thickness of 1µm and of a Be
window are included as a reference. The sheet conductivity of the GC material for
the corresponding thickness, as deposited with the wafer scale deposition system is
shown in b). The linear dependency is indicated by the dashed line of best �t and
corresponds to a bulk resistivity of 1 mΩ cm.

The measured x-ray transmission of a 1µm thick GC window, that was fabri-
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cated using the single sample deposition process, and of a Be window are included
as references. The measured data points were supplemented by simulated trans-
mission values assuming a GC density of 2.2 g/cm3 employing the web applet
supplied by the CXRO and indicates a similar GC density for both deposition
processes.

5.4.5 Electrical Conductivity

The electrical conductivity of the GC material deposited by the waver scale depo-
sition process was measured using the scheme discussed in Chapter 2, and a linear
dependency of the sheet conductivity versus the GC thickness was identi�ed, as
shown in �gure 5.17 b). The bulk resistivity of the GC material was subsequently
calculated and determined to be 1 mΩ cm.

151





6 Discussion

6.1 Graphenic Carbon as a Material for X-ray

Transmission Windows: Replacing Beryllium

GC x-ray transmission windows with a GC thickness of 1 µm were shown to not
only ful�ll the requirements of the x-ray transmission windows discussed in Chap-
ter 2, but also supersede the benchmark properties of Be windows for the given
application, as shown in the previous chapter. Foremostly, the presented GC x-ray
transmission windows exhibit a higher x-ray transmission than Be windows for x-
ray energies below 2 keV. A photograph of the �rst prototype SDD x-ray detector
modules incorporating a GC x-ray transmission window is presented in �gure 6.1
a). The inside of the detector housing was evacuated and the free standing GC
�lm therefore de�ected downwards.

A prototype SDD module incorporating a GC x-ray transmission window was
used to record the EDS spectrum of a polytetra�uoroethylene (PTFE) sample.
PTFE is a synthetic �uoropolymer and composed of carbon and �uorine. The
high transmission of the GC window for energies below 2 keV allows the detec-
tion of the Kα radiation originating from the elements carbon and �uorine, which
is not possible with a Be window. The EDS spectrum obtained from a PTFE
sample, with the SDD detector module incorporating a GC x-ray transmission
window, is shown in �gure 6.1 b). The spectrum exhibits high peak intensities for
the energies corresponding to the C Kα (0.277 keV) and F Kα (0.677 keV) lines
and the peaks can clearly be identi�ed. A signi�cant signal increase is apparent if
the spectrum is compared to a spectrum obtained using a detector module incor-
porating a Be window, at otherwise identical conditions. The silicon and copper
peaks are assumed to have originated from the sample holder and both spectra
were normalized to the intensity of the silicon peak for better comparability. This
is seen valid as the transmission of the corresponding Si Kα (1.74 keV) radiation
is higher for the GC window compared to a Be window.

The proposed GC x-ray transmission windows therefore not only replace the
toxic beryllium but also o�er the advantage of obtaining higher count rates for
the Kα radiation of light elements.
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Figure 6.1: A photograph of the �rst prototype SDD modules incorporating a
GC x-ray transmission window is shown in a). The measured EDS spectra of a
PTFE sample, as obtained with a detector module incorporating a GC and with a
detector module incorporating a Be x-ray transmission window, are given in b) and
demonstrate the improved x-ray transmission of the GC x-ray transmission windows.
The carbon and �uorine peaks are clearly visible and exhibit an increased intensity.
The copper and silicon peaks are assumed to originate from the sample holder.
The calculated transmission of the Kα radiation for the light elements carbon (C),
nitrogen (N), oxygen (O), �uorine (F) and sodium (Na) are demonstrated in c) for
a 1 µm thick GC window.
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Replacing Beryllium

The calculated x-ray transmission of a 1 µm thick GC window for the Kα ra-
diation of the elements carbon, nitrogen, oxygen, �uorine and sodium are given
in �gure 6.1 c). The increased transmission therefore allows the detection of the
elements carbon, oxygen and to some extend even nitrogen using a 1 µm thick
GC window, if the measurements are performed in a vacuum environment. This
is highly attractive for the user as especially carbon, nitrogen and oxygen are of
interest, in for example semiconductor material sciences, and in this case the 1 µm
thick GC window could avoid the necessity of low energy x-ray transmission win-
dows. In the case of handheld applications, �uorine is of particular interest, as
the energy of the F Kα radiation is su�ciently high to penetrate small distances
in air. Handheld devices incorporating a 1 µm thick GC window could therefore
be used to extend the detection limit to �uorine, especially if helium purging is
used.

A GC thickness of 1 µm was chosen as a reference thickness for the prototype
modules as an increased optical transmission, compared to the reference Be win-
dows, was observed for lower GC thicknesses. The optical and infrared transmis-
sion of the GC material was therefore identi�ed as the limiting factor regarding
the GC thickness. The high light blocking ability of Be windows is a side e�ect
of the large Be thickness of at least 8 µm that is necessary to obtain a helium
leak tight window con�guration. It remains to be seen if such high levels of light
blocking are truly necessary for all applications. If not, this would allow to further
reduce the GC thickness of the GC x-ray transmission windows, leading to an even
higher x-ray transmission.

Table 6.1 summarizes the extracted window properties of GC x-ray transmis-
sion windows with a GC thickness of 1 µm and an open diameter of 7 mm. The
cell coloration green is chosen for the GC window properties that represent a sig-
ni�cant improvement compared to Be windows and includes the increased x-ray
transmission, the high resilience against material fatigue, the high thickness con-
trol and non-toxicity. The red cell coloration indicates the main problems of Be
windows, including the toxicity and poor thickness control. The novel window ma-
terial allows for an improved x-ray transmission, exhibits an excellent mechanical
stability and a high resilience against material fatigue, a high intrinsic chemical
stability against most chemical compounds and the developed deposition process
allows for a much better control of the window thickness compared to Be windows.
In addition, the replacement of the toxic beryllium material would �nally allow
to repair SDD detector modules after a window failure, which is currently not
possible as the broken detector modules are classi�ed as hazardous waste. The
subsequent system downtime due to the required decontamination of the measure-
ment environment after a beryllium window failure is consequently also ruled out,
improving the overall availability of the measurement systems.
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Table 6.1: Summarized properties of a commercial DuraCoat Be window with a
speci�ed thickness of 8 µm and a window diameter of 7 mm, as speci�ed in references
[44, 56], and of a GC x-ray transmission window with a thickness of 1 µm and an
open diameter of 7 mm.

Window Property DuraCoat Beryllium Graphenic Carbon

X-ray Transmission > 80 % for E > 1.7 keV > 90 % for E > 1.7 keV

Pressure Stability > 2 bar > 2 bar

Helium Leak Rate < 1 × 10−10 mbar L
s

< 1 × 10−10 mbar L
s

Fill Factor 100 % 100 %

Pressure Cycle Fatigue > 20k @ ∆p = 1 bar > 10M @ ∆p = 1.2 bar

Light Blocking Factor > 1011 > 1011

Thickness Tolerance − 0 µm / + 5 µm < 10 nm

Chemical Resistance High High

Electrical Resistivity < 4 × 104 Ω cm 1 mΩ cm

Non-Toxic No Yes

6.2 Comparison of the Developed Deposition

Processes

The high mechanical strength of the presented GC x-ray transmission windows,
especially using the wafer scale deposition process, was demonstrated by burst
pressure testing and both developed GC deposition processes allow the fabrica-
tion of GC x-ray transmission windows with an open window diameter of 7 mm
and a GC thickness of 1 µm that withstand a di�erential pressure of 2 bar, as
shown in �gure 6.2 a).

The burst pressure values demonstrate the large mechanical stability increase for
the GC �lms deposited with the the wafer scale deposition system. GC windows
with an open diameter of 7.2 mm and a GC thickness of 600 nm to 700 nm were
able to withstand a di�erential pressure of almost 7 bar and therefore exhibit an
almost seven-fold increase in stability compared to the GC material deposited
with the small scale deposition system. The high mechanical stability of the wafer
deposited samples is assumed to arise from the higher processing temperatures
that are not available on the small scale deposition system due to the maximum
temperature stability of the used quartz ware.
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Figure 6.2: The measured burst pressure values of GC x-ray transmission windows
with the corresponding GC thickness and an open diameter of 7 mm are given in a)
for the two developed GC deposition processes. The extracted speci�c strength of
each of the tested GC windows is shown in b) and the dashed lines indicate the best
�t for the two di�erent deposition methods.

None the less, no substantial di�erences of the GC materials were identi�ed
using Raman spectroscopy or cross section SEM images. Even the material den-
sity of 2.2 g/cm3 remained a good �t for the transmission measurements and it is
therefore di�cult to explain the observed increase of the mechanical stability on
a structural level, given the employed measurement schemes. Only bulge testing
revealed an increased Young's modulus from approximately 130 GPa to 170 GPa,
which is in line with the observed stability enhancement.

While the mechanical strength of the wafer deposited GC material is much
higher, the fact that the negative correlation, of the observed speci�c strength of
the GC material and the GC thickness, is much more pronounced indicates a sub-
stantial di�erence in the growth behavior of the GC �lms, as shown in �gure 6.2
b). The large in�uence of the GC thickness is assumed to arise from a higher com-
pressive stress that is present within the GC material and thus assumed to lead to
defect generation within the GC material at reduced GC thicknesses, compared
to the GC material deposited with the small scale deposition process. Unfortu-
nately it was not possible to perform wafer bow measurements of the GC samples
deposited by the small scale deposition process due to the long, high temperature
processing involved in the CVD deposition process that led to a deformation of
the silicon substrates. None the less, the performed Raman measurements on both
types of deposited GC material indicate a signi�cant increase in the compressive
residual stress of the GC material deposited by the wafer scale deposition system.
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6 Discussion

The developed two step growth process is therefore seen as a route to fabricate
GC windows with a large GC thickness, utilizing the high mechanical strength
of the wafer scale deposition process, and enables the GC material to be used
for x-ray windows with a much larger open diameter that require an even higher
mechanical strength.

6.3 Graphenic Carbon as a Window Material for

Low Energy X-ray Transmission Windows

The excellent properties of the GC x-ray transmission windows with a GC thick-
ness of 1 µm led to the development of GC low energy x-ray transmission windows.
An integrated silicon support bar design allowed the thickness of the GC material
to be reduced signi�cantly as demonstrated in Chapter 5. A GC low energy x-ray
transmission window with a GC thickness of 140 nm and a silicon bar support grid,
with a span width of 1 mm and a bar width of 200µm, was demonstrated to with-
stand an atmospheric di�erential pressure while exhibiting a high transparency
for x-ray radiation with an energy below 2 keV. The measured x-ray transmission
of the window is shown in �gure 6.3 a) and compared to the measured x-ray trans-
mission of a Be window. The GC low energy x-ray window with a GC thickness of
140 nm o�ers a low energy x-ray transmission superior to commercially available
polymer and a similar transmission to current state of the art silicon nitride low
energy x-ray transmission windows.

The GC thickness of 140 nm was veri�ed to be helium leak tight and the block-
ing of visible and infrared radiation was superior compared to a polymer window
that incorporates an additional aluminium light blocking layer. The inherent
light blocking ability of the GC windows avoids the spectral contamination of
the recorded spectrum due to x-ray �uorescence of the light blocking layer and
rules out yielding or delamination e�ects that can deteriorate the light blocking
ability of the window and therefore reduce the life time of the detector module [42].

The excellent mechanical strength of the GC material is quanti�ed by using
the introduced value of the speci�c strength, approaching values of more than
1.5 GPa, as discussed in Chapter 5. The calculation method of the �gure of merit
can subsequently be used to estimate the minimum thickness of a GC low energy
x-ray transmission window, if we assume a speci�c strength of the GC material of
1.5 GPa, a cell width of 1 mm and a required burst pressure of at least 1200 mbar.
The resulting minimal GC thickness was calculated using equation 6.1, with ∆pmax
denoting the required burst pressure, r the half width of the cell spacing and s
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6.3 Graphenic Carbon as a Window Material for Low Energy X-ray

Transmission Windows

Figure 6.3: The measured x-ray transmission of a 140 nm thick GC low energy
x-ray transmission window incorporating a bar grid support structure is shown in
a) and compared to a Be window. The x-ray transmission of the same window
geometry with a reduced GC thickness of 50 nm was simulated and exhibits a higher
x-ray transmission compared to the state of the art �uorescent blind SiN low energy
x-ray transmission window [54].

the speci�c strength of the GC material. The minimal thickness was found to be
20 nm which would lead to a signi�cant increase of the x-ray transmission. The
x-ray transmission for a GC low energy x-ray transmission window with the dis-
cussed window geometry was simulated and a GC thickness of 50 nm is su�cient
to o�er a higher x-ray transmission than a SiN low energy transmission window
for the relevant energies, as shown in �gure 6.3 b) [54].

tmin =
∆pmaxr

2s
(6.1)

The light blocking ability of such extremely thin GC x-ray transmission windows
is signi�cantly reduced compared to 1 µm and 140 nm thick GC x-ray transmission
windows and depending on the application an additional light blocking layer might
be necessary. This is demonstrated by the photographs shown in �gure 6.4 of
a GC x-ray transmission window with a GC thickness of approximately 60 nm.
By changing the focus of the camera it is possible to visualize the high optical
transparency of the GC material at such reduced thicknesses.
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6 Discussion

Figure 6.4: A front view photograph of a GC x-ray transmission window with a
GC thickness of approximately 60 nm is shown in a). The high optical transparency
becomes apparent by shifting the focus point of the camera to the background of
the image, as demonstrated in b).

It remains to be seen to which GC thickness a helium leak tight window con�gu-
ration is given but the small grain size typically found in nano- and polycrystalline
graphene materials of only a few nanometers, supports the expectation that even
extremely thin GC windows are helium leak tight, as long as the presence of pin
holes is avoided. This was supported by the fact that no di�erence in the measured
helium leak rates was found for windows as thin as 140 nm compared to 1 µm or
2 µm thick GC windows.

It is therefore assumed that the x-ray transmission of GC low energy x-ray
transmission windows can still be signi�cantly increased given the observed me-
chanical stability of the GC material.

6.4 Material Properties of the Graphenic Carbon

Material

Bulge testing of rectangular GC thin �lms, as discussed in Chapter 5, resulted in a
calculated maximum stress value of 1.4 GPa at a di�erential pressure of 950 mbar
and a GC thickness of 140 nm. It should be noted that the GC thin �lm was still
intact at the given di�erential pressure and the maximum stress value therefore
has to be expected to be even higher at the pressure required to induce mechan-
ical failure. Xiang et al. [216] have postulated that the maximum value of the
stress-strain curve of rectangular thin �lms during bulge testing, corresponds to
the ultimate tensile strength of the material. This is not con�rmed by the per-
formed FEM simulations, as a signi�cant increase of the stress value was observed
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6.4 Material Properties of the Graphenic Carbon Material

near the window frame and window failure assumed to occur in this region. The
calculated value of 1.4 GPa is therefore interpreted as a lower limit of the ultimate
tensile strength of the deposited GC material. None the less, this value is still
substantially larger than the values found in literature for beryllium (454 MPa)
and if we incorporate the simulation results, indicating an approximately �ve fold
increase of the stress near the window frame compared to the calculated values,
as discussed in Chapter 5, is increased to 7.0 GPa [43].

The material constants obtained from bulge testing are seen as a rough estimate
as the systematic error due to the compressive stress of the GC material is un-
known. None the less, the Raman spectroscopy measurements indicate a similar
value for the Young's modulus of the GC material and the values therefore seen
as su�ciently reliable to verify the signi�cantly higher value of the Young's mod-
ulus of the GC material compared to the values commonly reported for PyC in
literature, which are found in the range of 10 GPa to 45 GPa [217]. This validates
the assumptions made in Chapter 3 and moves the GC material closer towards
nano- and polycrystalline graphene and is seen as the origin of the astonishing
mechanical properties of the GC x-ray transmission windows.

The tested GC x-ray transmission windows exhibited a high resilience against
dynamic loading and material fatigue. This is of importance as dynamic stress
occurs during venting of vacuum applications or during handling of the detector
module throughout the detector lifetime.

The identi�ed material properties of the GC material are summarized in table
6.2 including the density, the residual compressive stress, the bulk resistivity, the
Young's Modulus and the lower limit of the ultimate tensile strength (UTS).

Table 6.2: The extracted material properties of the GC material are summarized.

Density Stress Resistivity Young's Modulus UTS

2.2 g/cm3 400 − 500 MPa 1 mΩ cm 130 − 170 GPa > 1.4 GPa
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7 Summary and Outlook

This thesis discussed the successful development and realization of x-ray trans-
mission windows incorporating graphenic carbon (GC) as a window material in
order to replace toxic beryllium. The basic principles of energy dispersive x-ray
spectroscopy and the silicon drift detector technology were introduced and the un-
derlying requirements discussed that make x-ray transmission windows necessary.
Depending on the application, x-ray transmission windows need to be extremely
thin, mechanically strong, helium leak tight, electrically conductive, composed of
low z materials and o�er a high absorption in the optical and infrared spectrum.
The experimental schemes required to evaluate the properties of x-ray transmission
windows were introduced and the results obtained during bulge testing, Raman
spectroscopy and FEM simulations discussed.

Graphenic carbon (GC) was identi�ed as a potential x-ray transmission window
material by examining the material properties of graphene and pyrolytic carbon
in regard to the requirements of x-ray transmission windows. A GC deposition
process using silicon substrates was developed utilizing chemical vapor deposition
and the identi�ed deposition process parameters result in a highly textured GC
material with high mechanical strength. The developed fabrication scheme for
the GC x-ray transmission windows provides an integrated silicon window frame
and the resulting window con�guration exhibits an inherently high adhesion of
the GC material and gas tightness. The introduced method allows the fabrication
of x-ray transmission windows, with an open window geometry as well as an inte-
grated silicon support structure, that can be directly incorporated into standard
detector housings.

The in�uence of the GC thickness on the mechanical stability of the GC x-
ray transmission windows was discussed and a negative correlation observed that
limits the GC thickness. This is attributed to the compressive residual stress of
the deposited GC material. The wet etching process of the silicon material was
identi�ed as a critical aspect during the fabrication of the GC x-ray transmis-
sion windows and a two step fabrication process was proposed and validated by
fabricating GC x-ray transmission windows with a GC thickness of up to 8 µm.
The GC material o�ers an excellent resilience against material fatigue, which was
demonstrated by cyclic pressure testing of GC x-ray transmission windows, and
more than 10 million pressure cycles did not lead to window failure. Bulge testing
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and Raman spectroscopy were employed to probe the mechanical properties of the
GC material and a Young's modulus of up to 170 GPa was identi�ed. FEM sim-
ulations were performed in order to understand the implications that arise from
the compressive stress of the GC material and an inhomogeneous stress distribu-
tion was found, with the maximum stress acting near the window edge. GC x-ray
transmission windows with a GC thickness of 1µm are mechanically strong, helium
leak tight, electrically conductive, opaque to visible and infrared light, chemically
stable and exhibit an x-ray transmission that is superior to the transmission of Be
x-ray transmission windows.

It was demonstrated that the x-ray transparency of GC X-ray transmission win-
dows can be extended to the low energy range by reducing the GC thickness and
implementing a silicon support grid, thus allowing the detection of light elements.

The developed deposition process was transferred to a deposition system capa-
ble of processing silicon substrates with a diameter of 150 mm. This allows the
mass production of GC x-ray transmission windows on an industrial scale and was
seen as a prerequisite in order to replace beryllium as a window material for x-ray
transmission windows.

GC x-ray transmission windows exhibit excellent properties and not only allow
to replace the toxic beryllium material but also o�er a superior x-ray transmission.
The suitability of graphenic carbon as a window material for x-ray transmission
windows was subsequently demonstrated by equipping a vacuum encapsulated
SDD detector module with a 1 µm thick GC window. The obtained EDS spectra
display an increased peak intensity, compared to spectra obtained with standard
beryllium windows, for energies below 2 keV and allows the detection of �uorine
and carbon content without the use of a special low energy x-ray transmission
window.

To our knowledge this is the �rst realization of an alternative x-ray transmission
window that is capable of replacing beryllium without any negative implications.
The developed GC windows are therefore expected to further increase the impor-
tance and availability of EDS systems by avoiding the health hazards associated
with beryllium while improving the system performance.

Outlook

Further optimization of the GC material seems feasible as the large, apparent dif-
ferences between the two developed deposition processes indicate a strong depen-
dency of the window strength on the deposition process. A better understanding
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of the encountered tear formation, compressive stress and speci�c strength of the
GC material, as well as the in�uence of the deposition parameters is seen neces-
sary in order to further optimize the mechanical properties of the GC material.
The encountered Young's modulus of the GC material is still substantially smaller
than the values reported for nano- and polycrystalline graphene and ample room
for improvement therefore expected.

The proposed two step growth process for GC x-ray windows with an increased
GC thickness allows the fabrication of large diameter GC x-ray transmission win-
dows and is in general seen as a promising route to obtain GC x-ray transmission
windows with a high mechanical stability.

Finite element simulations identi�ed a signi�cantly increased stress of the win-
dow material in the window frame region. It is therefore assumed that a more
elaborate thickness distribution of the GC window material, with an increased
thickness near the window region that is gradually decreased towards the window
center, could further increase the x-ray transparency of GC x-ray transmission
windows, while complying to the mechanical stability requirements.

The presented bar grid window design for GC low energy x-ray transmission
windows can be improved further by optimizing the span and support grid width.
This would allow for a reduction of the GC thickness and an even higher x-ray
transmission for low energy x-ray radiation. In addition, by replacing the radio
opaque silicon support structure with an integrated support made from thick GC
material, a GC low energy x-ray transmission window with a high �ll factor for
high energy x-radiation would be obtained. The observed high compressive stress
of the GC material poses an obstacle but it is seen as a feasible future improve-
ment of the discussed GC low energy x-ray transmission windows. The amount of
compressive stress was found to be process dependent and a better understanding
of the stress inducing mechanism as well as the use of alternative substrate ma-
terials, with a lower thermal expansion coe�cient, is seen as a promising way to
obtain stress free, or even tensile stressed, GC material. This would open a man-
ifold of potential applications such as a pellicle material for extreme ultraviolet
(EUV) lithography and MEMS or NEMS applications including microphone and
loudspeaker devices.

Recent work by Törmä et al. [218] has shown that the excitation of light ele-
ments is much more e�cient by the use of soft x-ray radiation, which is commonly
absorbed by the exit window of x-ray tubes. Replacing the exit window with a
high transparency x-ray transmission window, fabricated from the presented GC
material, is therefore assumed to improve the excitation e�ciency of light elements
in EDXRF systems and seen as a further application for the GC x-ray transmis-
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7 Summary and Outlook

sion windows.

This work was conducted in close co-operation with the Munich based company
Ketek GmbH and the demonstrated properties of the GC x-ray transmission win-
dows have led to the �ling of the patent with the title "X-Ray Radiation Passage
Window for a Radiation Detector" under the patent number: US 13/963,928 [219].
The presented wafer scale deposition process of the GC window material demon-
strates the scalability to mass production compatible equipment of the deposition
process. Ketek is working on the industrial scale fabrication of GC x-ray transmis-
sion windows, targeting the replacement of toxic Be windows and the introduction
of GC low energy x-ray transmission windows to the market.
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Acronyms

a-C Amorphous Carbon
AFM Atomic Force Microscopy
Al Aluminium

Be Beryllium
BWF Breit-Wigner-Fano

C Carbon
CCD Charge Coupled Detector
CCP Capacitively Coupled Plasma
CNT Carbon Nanotube
CTE Coe�cient of Thermal Expansion
Cu Copper
CVD Chemical Vapor Deposition
CXRO Center of X-ray Optics at the Lawrence Berkeley

National Laboratory

EDS Energy Dispersive Spectroscopy
EDXRF Energy Dispersive X-ray Fluorescence

F Fluorine
FEM Finite Element
FF Fill Factor of X-ray Transmission Window
FWHM Full Width Half Maximum

GC Graphenic Carbon

HOPG Highly Ordered Pyrolytic Graphite
HT-PyC Highly Textured Pyrolytic Carbon

JFET Junction Gate Field E�ect Transistor
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Acronyms

LED Light Emitting Diode

MEMS Micro Electro Mechanical Systems
Mn Manganese

NEMS Nano Electro Mechanical Systems

PAH Polycyclic Aromatic Hydrocarbons
PIXE Particle Induced X-ray Emission
PTFE Polytetra�uoroethylene
PyC Pyrolytic Carbon
PyG Pyrolytic Graphite

RIE Reactive Ion Etching
RTCVD Rapid Thermal Chemical Vapor Deposition

SDD Silicon Drift Device
SEM Scanning Electron Microscopy
Si(Li) Lithium Drifted Silicon
SiN Silicon Nitride

ta-C Tetrahedral Amorphous Carbon
TEM Transmission Electron Microscopy
TXRF Total Re�ection X-ray Fluorescence Spec-

troscopy

UTS Ultimate Tensile Strength
UV Ultra-Violet

WDS Wavelength Dispersive Spectroscopy
WLI White Light Interferometer

Zr Zirconium
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List of Symbols

I0 Peak Intensity
La Crystallite Length (nm)
Q−1 Breit-Wigner-Fano Coupling Coe�cient
RRMS Root Mean Square Surface Roughness
Rs Electrical Sheet Resistance (Ω/�)
∆p Di�erential Pressure
Γ Full Width at Half Maximum
Ω Electrical Resistivity (Ohm)
δε Di�erential Strain
δω Di�erential Wavenumber (cm−1)
ε Strain
λ Wavelength (nm)
µ Mass Absorption Coe�cient
ν Poisson's Ratio
ω Wavenumber (cm−1)
ω0 Peak Position (cm−1)
ωE Average Energy for Electron-Hole Pair Genera-

tion in a Semiconductor (eV)
ρ Bulk Resistivity (Ohm cm)
ρ Material Density (g/cm3)
σ Stress (Pa)
σ0 Residual Stress (Pa)
ni Intrinsic Charge Carrier Density (cm−3)

E Young's Modulus (Pa)
E Energy (eV)

F Fano Factor

I Signal Intensity
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List of Symbols

K Surface Curvature

R Radius of Curvature
r Radius

T Temperature (K)
t Thickness
T(E) Energy Dependent Transmission

Y Bi-axial Elastic Modulus (Pa)

Z Atomic Number
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