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Chapter 1
Introduction

The advent of microelectronics with the invention of the transistor has created a new
type of complex system next to nature’s biological systems. Direct communication
between these systems has proved difficult, as the communication in one is electronic,
and ionic in the other. Communication across this interface between electronic and
biological systems is the field of bioelectronics. Bioelectronics promises to deliver
treatments to a number of diseases via implantable prosthetic devices e.g. for the ear
or eye [Cla09, [Vel08]. A significant challenge in this field is the aqueous environment,
that deteriorates the material systems most successfully employed for electronic sys-
tems, namely those based on silicon. Bioelectronics, thus, requires materials with
the chemical and electrochemical stability to operate in an aqueous environment.
The demands placed on a suitable material for bioelectronics or, more generally,
biosensing, have been tried to be satisfied by a number of materials. Among the
semiconductors, diamond shows an exceptional stability in aqueous environments
[Stu06]. The scarcity of natural diamond and its expense is an immediate disad-
vantage that comes to mind. However, while the de Beers company has controlled
the natural diamond trade for decades ([Dow0§]), methods of producing artificial
diamonds have become available. First with the high-pressure and high-temperature
(HPHT) method in the fifties, followed by chemical vapor deposition (CVD) in the
eighties [Sus09]. The advancement of these methods for the production of artificial
diamond has not only been important for financial reasons. The CVD of diamond
also allows the fabrication of very high quality, pure artificial diamonds that are thus
also suited for electronic applications. The renewed interest in the material and the
research which it spawned led also to the discovery of a further very special material
property. Beyond the exceptional bulk properties of diamond, the termination of

the surface bonds with hydrogen facilitates a p-type surface conductivity in intrinsic
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diamond [Mai00]. This surface conductivity allows the manufacture of field effect
transistors by controlling the hole accumulation at the diamond surface with a gate.
Due to the electrochemical stability of diamond, the gate may be an electrolyte
solution with a reference electrode, thus creating solution gate field effect transis-
tors (SGFETs) [Kaw(1]. These SGFETSs are sensitive to changes in the potential
across the diamond /electrolyte interface. Thus the electronic sensing capability was
added to the chemical stability of diamond, making diamond a strong contender as

a material for biosensor and bioelectronic applications.

The first diamond sensors in aqueous environments were based on boron doped di-
amond [Foo09], utilizing the large potential window and electrochemical stability of
the material. These are amperometric sensors, whose operating principle requires
only a conductive material. With the discovery of the surface conductivity of intrin-
sic hydrogen-terminated diamond [Lan89], another avenue was opened for diamond
sensors. Thus, the surface conductivity was utilized in the development of diamond
SGFETS, presenting a diamond biosensor with attractive properties applicable for

operation in aqueous environments, as already implied above.

Soon after, the diamond SGFETSs were investigated as pH sensors [Kaw(1l, (Gar05].
However, as the origin of the surface conductivity as well as the principle of the
diamond SGFET were only partly understood at the time, the pH sensitivity was
qualitatively and quantitatively hotly debated [Son06l Neb06, Rez07, Dan0§g].

Meanwhile other aspects of the diamond technology directly related to sensing appli-
cations were advancing, e.g. the functionalization of the diamond surface. Protocols
were developed to functionalize both the oxygen- as well as the hydrogen-terminated
diamond surface, and these covalent functionalizations were shown to be exception-
ally stable [Yan02]. Thus a novel technological tool kit was made available from

which various diamond biosensors could be assembled.

Largely prior to the development of diamond devices for biosensing and bioelec-
tronics the cell-transistor coupling was studied with devices based on silicon. The
transduction of action potentials from living cells as well as their stimulation was ac-
complished [Fro91] [Kau04]. Theoretical models for the signal transduction between
cells and transistors were developed around the same time [Reg89, [Fro03]. These ini-
tial achievements using silicon began to be reproduced with other material systems
better suited to the operation in electrolytes, such as wide bandgap semiconductors

[Ste05]. This is the starting point for the work presented here.
This thesis set out to deepen the fundamental understanding of the diamond SGFET's

and advance the technological capabilities of these devices. All these efforts are di-



rected towards diamond as a material for bioelectronics and biosensing, and more
specifically the signal transduction from living cells. This goal requires advance-
ments on a number of fronts which are partly interdependent, and thus a number
of different issues ranging from electronic transport to surface functionalization are
covered in this thesis. So does, for example, the capability for defined oxidation of
the surface allow the study of the effect of an inhomogeneous hydrogenation on the
electronic transport. The possibility of functionalization of the diamond surface, for

instance, aids the growth of cells.

However, the main focus of this thesis is the study of fundamental aspects of the
interface between diamond and water or aqueous electrolytes. Especially the interfa-
cial capacitance is of primary importance, as the sensitivity of the diamond SGFETs
is directly proportional to it. As shown in this thesis, the hydrophobic nature of
the hydrogen-terminated diamond surface is a parameter that considerably alters
this interfacial capacitance. These issues are also relevant for other hydrophobic
materials which are currently being used in biosensing or bioelectronics, such as
graphene or organic semiconductors [Danl(), Rob08]. Aside from the desired signal
transduction the nature of the interface can also influence adsorption properties, or

be a source of charge carrier scattering through interface charges.

In one form or another this interface is relevant in all chapters of this thesis. Con-

cretely, the thesis is structured as follows:

Chapter [2] summarizes the advancements made in this thesis towards controlling
and investigating the composition of the diamond surface. Initially, diamond as a
material and the diamond surface are introduced, and the status quo regarding the
surface conductivity of hydrogen-terminated diamond is presented. Building on this,
technological advancements made in several areas controlling the termination and
functionalization of the surface are discussed, namely the hydrogen-termination, a
controlled partial oxidation, and the functionalization of both oxygen- and hydrogen-
terminated diamond surfaces. Results from the investigation of the composition of
the hydrogen-terminated diamond surface with XPS are shown and considered in
light of the proposed water layer adsorbed on this surface. As suits the intended ap-
plication, the electrochemical stability of the hydrogen-termination under operation

and over time is explored.

Chapter 3] the central chapter of this thesis, describes the charge accumulation and
the electronic transport at the diamond/electrolyte interface investigated with in-
liquid Hall effect measurements. The first section explains the solution gate field

effect transistor (SGFET) model as largely understood at the outset of this work.
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To obtain a fundamental understanding of the operation of the diamond SGFETsS,
a large number of in-liquid Hall effect measurements under potential control on var-
ious hydrogen-terminated diamond samples have been performed. The results are
presented in the second section, which discusses the charge accumulation at the
diamond/electrolyte interface. Parameters systematically influencing the interfacial
capacitance are extracted, where the difference in the interfacial capacitance between
the (100) and the (111) surface orientation is particularly interesting. Simulations
of the charge accumulation at this interface were carried out with the nextnano
software using the isotropic effective mass approximation as well as calculating the
effective masses according to the kp method. The comparison between experimental
and simulation results reveals that the hydrophobic nature of the surface is deci-
sive to quantitatively understand charge accumulation in diamond SGFETs. The
third section of chapter [3| deals with the electronic transport, that is the hole mo-
bility, at the diamond/electrolyte interface. Experimental results include not only
the mobility of the measurements discussed before, but also specific experiments
to elucidate the transport mechanisms in the accumulation channel. Clear differ-
ences are observed between electronic grade and optical grade samples and again
between the two surface orientations studied. Interesting is the lack of any effect of
the composition of the electrolyte, such as pH, ionic strength or ion adsorption, on
the electronic transport. While the phenomenological findings are very clear, their
theoretical explanation is less straightforward and requires further research. For
each sample category transport mechanisms that are compatible with the experi-
mental results are presented and discussed, though often more than one mechanism

is applicable.

A number of applications of diamond SGFETSs are studied and developed in Chap-
ter ] The first explored application deals with the use of the diamond SGFET
as a pH sensor, where a correct interpretation of the data resolves a controversy
over the sign and value of the pH sensitivity. The second application extends the
diamond SGFET to solid electrolytes in the form of a polyethylene oxide based
electrolyte and presents a solid FET device with potential applications in electronic
transport studies and quantum computing. Lastly, the SGFET principle is applied
to graphene, to fabricate graphene SGFETSs, whose characteristics are competitive

and whose operation principles are similar to diamond SGFETs.

Chapter [5|demonstrates the use of diamond SGFETS to record the electrical activity
of living cells, and thus taking the first experimental steps to bioelectronics based on

diamond. Two types of cells were grown on the diamond SGFET gate area, showing



the biocompatibility of the material. The first recordings of the electric signals from
single cells was accomplished with a patch clamp setup. The recorded signals can be
well explained with the so-called point contact model for the cell-transistor coupling.
A short summary is finally presented in Chapter [0} The outlook given in Chapter
[7 outlines the various loose ends of this work and possible routes to explore these
issues. The appendix contains various practical information relevant to this work.

This thesis deals with the fundamental properties of diamond SGFET and exemplary
applications in biosensing and bioelectronics. It explores the operating principles of
diamond SGFETSs, firstly the effect of hydrophobicity on the interfacial capacitance,
which can be applied to other material systems and secondly the electronic transport
in surface conducting diamond, laying the groundwork for a deeper understanding of
the scattering mechanisms. The demonstrated recording of the electrical activity of
cells with diamond SGFETs is a step on the path towards the goal of communication

between electronic and biological systems.






Chapter 2
Diamond and its surface

The work presented in this thesis deals almost exclusively with effects of or at the
diamond surface. Accordingly, this chapter begins by introducing diamond, espe-
cially the diamond surface, its technologically most relevant surface terminations,

and the surface conductivity of hydrogen-terminated diamond.

2.1 Bulk diamond

Diamond is a sp® bonded allotrope of carbon that forms a face centered cubic lattice.
The lattice base consists of two atoms, whereby the second atom is shifted along
the body diagonal by a quarter lattice constant, giving both atoms the positions
(0,0,0) and (%, }1, 411> in the lattice respectively (see Figure . While graphite is
the most stable allotrope of carbon, diamond is metastable, with a high activation
energy between the two phases. This structural arrangement and the strength of
the covalent carbon-carbon bonds leads to a number of outstanding properties. A
selection of these physical properties is summarized in Table [2.1]

The remarkable stability of diamond extends to its chemical properties, where the
material is inert to chemical attack of various kinds. This chemical stability is likely
to contribute to the bioinertness of diamond, which has also been reported [KalO§]
[Gar(9].

All these exceptional properties should warrant a host of applications. Indeed dia-
mond has been used industrially. A number of applications make use of diamond’s
hardness for mechanical applications such as drilling, cutting and polishing. Further
products include high performance heat sinks, UV transparent windows, or radia-
tion detectors. Electronic applications, however, have been rare. This is mostly due

to the difficulty in the doping of diamond. The most efficient dopant in diamond

7



8 2. Diamond and its surface

Figure 2.1: Cubic unit cell of the diamond crystal structure showing the face
centered cubic lattice with an edge length of a. The tetrahedral coordination is
indicated by the atoms colored in red. Atoms 1 and 2 are an example for the base
of the lattice.

is boron resulting in p-type doping with an activation energy of 0.37 eV. Efficient
n-type doping has so far been elusive with phosphorous being the most "efficient
donor” with an activation energy of 0.6 eV, which is too deep for most practical
purposes. The relative small size of the carbon atoms combined with the close pack-
ing in the diamond crystal structure makes the incorporation of impurities of many
elements difficult. A further barrier to a wider range of applications is, of course,
the high price of the material. However, this is being overcome with continuous de-
velopments in the synthesis of artificial diamond and, to a lesser degree, the increase
of mined diamonds after the end of the cold war. Industrial diamond production
began with the high temperature high pressure (HTHP) method, which enables the
preparation of diamonds of significant size and quality, but with impurities intrinsic
to this production process.

Since the 1980s diamond can be grown homoepitaxially and heteroepitaxially with
chemical vapor deposition (CVD). Currently, high quality single crystalline homoepi-
taxial CVD grown diamonds can be produced reproducibly with dimensions in the
range of several millimeters. Polycrystalline and nanocrystalline diamond films can
also be grown heteroepitaxially on a large variety of substrates, enabling large area
deposition. During this thesis CVD grown diamonds became readily available on
a commercial basis, first at low quality and low price, and later in electronic grade

quality as well. While it is unlikely that diamond will ever be as cheap as silicon,
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Table 2.1: Selected physical properties of diamond

Property Value Unit Comments Reference
lattice constant 3.567 A [R6s02]
enthalpy of crystal for- | 730-1060 | kJ/mol @2150-2300K [R6s02]
mation ZeTro pressure
bond length 1.54 A [Dav09)]
hardness 10 on Mobhs scale [R6s02]
heat conductivity 6-20 W em™! K1 [Tof11]
density 3.515 g cm ™3 [Tof11]
dielectric constant 5.66 As/Vm [R6s02]
band gap Egyq, 5.46-5.48 | eV [R6s02]
electronic state of ni- | 1.7 eV other states exist | [Lof11]
trogen impurities
electronic  state of | 0.37 eV [Lof11]
boron impurities
electron mobility 2200 cm? V-1 g7t [Tof11]
hole mobility 1800 cm? V-1 g7t [Tof11]
intrinsic electrical re- | 101° Ohm cm type Ila [Isb09
sistivity

for example, the price of the material itself should be less and less of an obstacle
for new applications. Already, these include e.g. industrial applications such as

electrochemical reactors for wastewater treatment.

2.2 The diamond surface

For many applications in biosensing, health care, bioelectronics or in aqueous en-
vironments in general, its surface rather than its bulk properties make diamond
particularly attractive.

The most technologically relevant surface orientations of diamond are the (100) and
the (111) surface, although diamond can be grown and finished more easily and with
higher quality in the (100) orientation. On the unterminated diamond (100) surface

each carbon atom at the surface is left with two dangling bonds, which bind together
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and thereby the surface reconstructs to a 2x1 geometry. The same is true for the
(111) surface, although the reconstruction is more complicated in this case [Ris06].
However, the diamond surface is usually terminated by atomic adsorbates. The most
important termination for this work, and the as-grown state of CVD diamonds, is
the hydrogen termination. During CVD growth, hydrogen radicals saturate the
dangling bonds of the surface carbons, leaving the surface in a hydrogen-terminated
state. Furthermore, diamond samples with a different initial termination can be
hydrogen-terminated by treatment with a microwave assisted hydrogen plasma (see
Section [2.2.2)), for instance. For the (100) surface, surface hydrogenation also leads
to a 2x1:2H reconstruction with two hydrogen atoms per unit cell and one hydrogen
atom per surface carbon atom (see Figure . The hydrogen atoms are arranged
in dimer rows and the C-H bond is tilted with respect to the surface normal by 25°
[Fur96]. In the case of the (111) surface, the hydrogen termination stabilizes the
bulk terminated surface into a 1x1:H reconstruction, typically with one hydrogen
atom per topmost surface carbon atom. Here, the C-H bonds are parallel to the
surface normal. The density of surface carbon atoms and therefore C-H bonds is
1.57 x 10" em™2 and 1.81 x 10 ¢m™ for the (100) and (111) surfaces, respectively

(111) (1x1):H

Figure 2.2: Hydrogen-terminated diamond (100) (2x1):2H (top) and (111) (1x1):H
(bottom) surface. The three topmost carbon atom layers are shown (brown, orange,

and yellow from surface to bulk).
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The other important atomic adsorbate at diamond surfaces is oxygen. Untreated
diamonds (except CVD grown diamonds) are assumed to be oxygen-terminated in
some form. In contrast to hydrogen, the two available valence electrons of oxygen
allow for a larger variety in the surface bond structure. One oxygen atom can either
form a double bond with each surface carbon atom, or can bridge two carbon atoms
forming a single bond with each. Both cases result in a 1x1:0O reconstruction for
the (100) surface and a 2x1:0 reconstruction for the (111) surface [Ris06]. Another
possibility for the O-termination is the formation of hydroxyl groups bonding to the
surface with single bonds. The hydrogen- as well as the oxygen termination of the
diamond surface are stable at ambient conditions and in electrolytes within their
respective potential windows. The termination of the diamond surface leads to sur-
face bonds with dipole moments, which depend on the difference in electronegativity
between the carbon and the terminating atoms. As these dipole moments have a
component perpendicular to the surface, a potential step is induced across the in-
terface, which depends on the surface dipole density and the dipole strength. This
potential step changes the electron affinity of the surface. As carbon is more elec-
tronegative than hydrogen, the electron affinity is lowered by hydrogen-termination
of the surface to a negative value of x=-1.3 eV. In contrast, carbon is less electroneg-
ative than oxygen, and the electron affinity is increased by oxygen termination to
a value of y=+1.7 eV. A negative electron affinity of the surface means that the
conduction band minimum FE is above the vacuum level Ey 4¢ and therefore, there
is no potential barrier for electrons in the conduction band to leave the diamond
surface. Even more important for the surface conductivity of hydrogen-terminated
diamond however, is the influence on the position of the valence band maximum Fy, .
As x = Fyac — E¢, the negative x leads to a value of the valence band maximum
closer to Ey ¢, which has important consequences for the electronic properties of

hydrogen-terminated surfaces, as will be described in more detail in Section

2.2.1 Surface conductivity of hydrogen-terminated diamond

Intrinsic diamond with its large band gap is an insulator. However, intrinsic diamond
terminated with hydrogen was discovered to show a p-type surface conductivity in
atmospheric conditions [Lan89]. After a number of years and some controversy
this surface conductivity is understood considering surface transfer doping ([Gi95],
[Gi99], [Mai00], [Cha07|, [ZhaOg]). A well-written summary of the development of
the transfer doping theory up to 2008 can be found in [Ley09]. In principle, the
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transfer doping model proposes that electrons from the diamond valence band are
transferred to adsorbed acceptors on the diamond surface, thereby leaving a two-
dimensional surface conductive hole channel behind.

This model assumes that the surface acceptors are provided by the adsorbed water
layer at the hydrogen-terminated diamond surface. This water layer contains redox

couples such as H3O" /Hs, which is related to the hydronium reduction

2H30+ + 2 = Hy + QHQO , (21)

or Oy/H50, related to the oxygen reduction

Oy + 4H" + 4~ = 2H,0 . (2.2)
A Energy A Energy
E. Q)(:-’]ev QX=-1eV
E.=0eV E.=0eV
E s
/-\ 2-DHG
EY ; 4.8 eV £ ) ,t_t 4.8 eV
e =5 Watl & L
-5.6eV -5.6eV
0,/H,0 =, 0,/H,0
diamond| air S diamond| air S

Figure 2.3: Band alignment and charge transfer according to the transfer doping
model with the oxygen redox couple as electron acceptor. The potential of the oxygen
redox couple varies within the indicated range (blue shadow) with the pH. left: The
energy levels are shown before equilibrium is established between the electrons in
the diamond and those associated with the redox couple. right: Energy levels after
equilibrium is established, with the Fermi level in the diamond at the same energy
position as the redox potential of the oxygen couple. The electron transfer from the
diamond to the redox couple results in the charge accumulation in the diamond,

band bending, and establishes the quasi two-dimensional hole gas (2DHG).
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The reactants of these chemical reactions are provided by dissolved atmospheric
gases (Hy, Oy) and potentially the autoprotolysis of water. From a thermodynamic
point of view, the electrochemical potential of electrons in the diamond and the elec-
trochemical potential associated with the described redox reactions, have a tendency
to equilibrate. As the hydrogen termination leads to a negative electron affinity (see
Section , the valence band and the Fermi level of diamond are close to and
above, respectively, of the adsorbate-related redox levels. This enables the transfer
of electrons from the diamond valence band into the redox acceptors at the diamond
surface. This removal of electrons leads in turn to the accumulation of holes at
the diamond surface, giving rise to an electric field and spatially varying electric
potential, which induces an upward band bending (see Figure . The Fermi level
is eventually lowered below the valence band edge, resulting in the accumulation of
holes in a two-dimensional hole gas (2DHG) close to the surface. The hole accumu-
lation provides the observed p-type surface conductivity. Figure illustrates this
transfer doping process. The transfer doping of diamond has also been observed in
the absence of the proposed water layer in vacuum, after the adsorption of other
electron acceptors such as fullerenes [Str04]. The net transfer of electrons stops
when the electrochemical potential of electrons in the diamond and those in the
acceptors are in thermodynamic equilibrium. The electrochemical potential jz of the
redox couples, the acceptors, is determined by the ratio of the concentrations of the

oxidized and reduced species in the reaction
nOx + ze~ = mRed (2.3)

according to Nernst:

kgT

= 0T g (021/105L)

([Red [[Red],)™

n, m, and z are the number of participating molecules and the number of exchanged

(2.4)

electrons, respectively. The index s refers to standard conditions (1 mol/kg for
species in solution and 1 bar partial pressure for gaseous species in equilibrium
with the electrolyte) and the square brackets denote concentrations. Whereas the
electrochemical potential on the acceptor side remains almost constant if the atmo-
spheric reservoir is big enough, the accumulation of charge in the diamond lowers
its electrochemical potential and brings it in line with that of the acceptor states.
The electrochemical potential corresponds to the Fermi level in the diamond for a
temperature of 0 K. For this transfer of electrons to be viable, a difference in the
electrochemical potentials is not sufficient. The highest occupied state in the dia-

mond, the valence band edge, must also be higher, or within the thermal energy kT,
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than the lowest unoccupied state of the adsorbed electron acceptors. In the case of
hydrogen-terminated diamond, the negative electron affinity of y = —1.0 eV [Gar0§]
lifts the valence band above or close to the levels of the adsorbed electron acceptors,
even when considering the large diamond band gap. Finally, to establish the surface
conductivity, the generated holes need to be mobile, requiring an absence (or very

low concentration) of electronic traps in the material.

The transfer doping model explaining the observed surface conductivity of hydrogen-
terminated diamond was first developed quantitatively by Maier et al. [Mai00] after
the idea of a transfer of electrons outside the diamond was first articulated by Ri et
al. |Gi95]. It was observed that the surface conductivity could only be established
in atmospheric conditions, leading to the conclusion, that it is facilitated by the
redox reaction of hydrogen (Equation . For this reaction H3O™ is provided by
the autoprotolysis of water, and H, is a trace gas in atmosphere. The solvation of
atmospheric CO5 produces HoCO3 which lowers the pH and thus the redox potential
of Equation The charge of the holes in diamond was proposed to be compen-
sated by an equal countercharge provided by the remaining HCOj3 ions. In this
way, the residual surface conductivity observed well above 100°C can be explained
by the hard-to-desorb HCOj3 ions. With a water layer on the hydrogen-terminated
diamond, the negative electron affinity provided by the C-H dipoles of the surface
termination, was then proposed to be lowered from the vacuum value of y = —1.3
eV to a value of —1.0 eV, as a result of screening by the water molecules. Any
change of the electron affinity affects, of course, the final position of the Fermi level
in diamond with respect to the valence band and, therefore, the free carrier concen-
tration achieved by transfer doping. As an alternative to the originally proposed
reaction, also the reaction of oxygen (Equation was proposed by Angus et al.
as an electron acceptor [ChaO7]. Ristein et al. finally showed that both reactions
contribute as electron acceptors and the resulting electrochemical potential is deter-
mined by the potential of each reaction adjusted for by the reaction speed [Zha08§].

2 571 which means that the surface conductivity

This reaction speed is 2 * 108 cm™
establishes in a matter of hours to a day [Zha08]. The contribution of both of these
reactions in an adsorbed water layer at the diamond surface and an electron affinity
of x = —1 eV is now the generally accepted explanation for the surface conductivity

of hydrogen-terminated diamond.
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2.2.2 Hydrogen-termination of diamond

As already mentioned, the hydrogen-termination of the diamond surface is part of
the CVD growth process of diamond. In this process, a mixture of hydrogen and
methane, which provides the carbon atoms for building up the diamond crystal, is
used. Hydrogen and methane molecules are split in the microwave-assisted plasma
and can then react as radicals with the surface carbon atoms of diamond. The
hydrogen is necessary, as it saturates the dangling bonds of the surface carbon
atoms preventing the formation of other carbon forms during growth. The addition
or removal of methyl/methane on the diamond surface determines the growth or
etching rate of the process [Sch09]. In order to terminate the diamond surface
with hydrogen, independent of the source of the diamond sample (CVD, HPHT, or
naturally formed), the same method is applied without the addition of methane.
Termination of the surface with hydrogen without or little etching is achieved by
choosing the reaction parameters, notably temperature, accordingly.

After a vacuum is provided to minimize contaminants, pure Hy gas is microwave-
activated to form a hydrogen plasma. The hydrogen radicals diffuse to the diamond
surface and form the desired C-H bonds. To enable this endothermic process, the
sample is heated. In order to keep the diamond surface hydrogen-terminated while
switching to atmospheric conditions, the sample is cooled in hydrogen atmosphere
after the plasma shut-down. Alternatively to the microwave activation, the hydro-
gen molecules can also be split with a hot filament [UchOl]. For the hydrogen-
termination in this work, an ASTEX microwave-assisted plasma reactor (AX5010,
1.5kW; Seki Technotron Corp.) was used. The parameters for the process are listed
in Table . The base pressure of the chamber is below 1 x 10~% mbar, and the
base pressure achieved with the rotary pump during the process is 2 x 10~3 mbar.
The hydrogen gas used has a purity of ”5.0"=99.9990 volume %.

Besides the gas phase hydrogen termination described here, an electrochemical
method for hydrogen termination was developed recently [Hof10]. It is, however,
limited in its application as it requires conductive diamond samples, therefore ex-
cluding the intrinsic diamond material mostly used in this work.

The quality of the hydrogen-termination can be assessed by the lack of surface oxy-
gen with XPS (see Section [2.2.4)), by the surface conductivity measured in ambient
conditions (see Section [2.2.1)), and by the hydrophobicity of the hydrogen-terminated
diamond surface. The oxygen terminated surface is generally hydrophilic with wa-
ter contact angles down to 10°, depending also on the dominating oxygen groups

at the surface. In contrast, the hydrogen-terminated surface is rather hydrophobic,
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Power | H, pres- | Hy flux | Process Temperature
sure time
H-termination 750 W | 50 mbar 100 sccm | 15 min 700 °C
process
Soft shut-down 230 W | 50 mbar 100 scem | 10 min ends at <400°C
Cool down 0w 50 mbar 100 scem | 30 min ends at <50°C

Table 2.2: Reaction parameters for the microwave plasma assisted hydrogen-
termination of diamond. The process is performed in a ASTEX microwave reactor
(AX5010).

O-terminated

H-terminated
~30°

Figure 2.4: Water contact angle of a hydrogen- (left) and an oxygen- (right) termi-
nated diamond surface, evidencing the hydrophobicity of the hydrogen-terminated

surface, and the hydrophilicity of the oxygen-terminated surface.

exhibiting contact angles around 90°. The diamond hydrophobicity was determined
by measuring the water contact angle of the surface. For this, 3 pl. of deionized
water are manually dropped onto the sample surface. From the image of the result-
ing droplet along the sample plane, the angle at which the water meets the surface
plane can be obtained (see Figure . The accuracy of this method is estimated at
+ 5°. However, while general agreement exists that hydrogen-terminated diamond
is hydrophobic with a contact angle of up to e.g. 90° for single crystal samples,
the values measured over the course of this work have deviated significantly and
seemingly arbitrarily to lower values. As well as contact angles of around 90°, val-
ues of down to 70° to 80° have been routinely measured, although no correlation
could be found with e.g. results for the surface conductivity. Nonetheless, the con-
tact angle of hydrogen-terminated surfaces is always markedly larger than that of

oxygen-terminated surfaces. It is therefore still a fast and easy method to qualita-
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tively determine the surface termination of diamond.

2.2.3 Controlled oxidation of diamond

While for most applications the complete termination of the surface with either
hydrogen or oxygen is desired, the controlled increase of the fraction of oxygen-
terminated surface carbons can be advantageous to tune the surface properties to a
state between the extremes. Such a controlled oxidation of the hydrogen-terminated
surface can be achieved with ozone as a slow and, therefore, controllable oxidizing
agent [Sak03]. In our case, the ozone was generated with UV light (5 W, Heraeus
Noblelight GmbH, Germany; mercury lamp with wavelengths of 185 and 254 nm)
in an oxygen atmosphere. The sample rests in the reaction chamber where the
generated ozone slowly oxidizes the hydrogen-terminated surface. Once the chosen
time is reached, the UV light is turned off and the generated ozone flushed out with
nitrogen.

Before measuring the effect of this partial oxidation on e.g. the conductivity, the sur-
face conductivity needs time to equilibrate before reaching its new equilibrium value.
This effect can be attributed to the mechanism initially responsible for the surface
conductivity, i.e. the surface transfer doping [Rie04]. The samples were therefore
left in ambient condition overnight, before taking measurements. The samples used
for this study were prepared as to have a hydrogen-terminated area between two
contacts. The effect of the ozone on the exposed hydrogen terminated area could
then be conveniently recorded by measuring the conductivity of the sample before
and after the ozone exposure. As the hydrogen-terminated area is contacted before
ozone exposure, thereby covering the contact area, the contact resistance can be
assumed to remain unchanged, in a first approximation.

As expected, the conductivity decreases with increasing exposure time to the UV
light in oxygen atmosphere. The conductivity decrease exhibits a linear rather than
exponential dependence with time, as shown in Figure It should be noted here,
that the time is measured from the switching on of the UV lamp. Therefore, a steady
state ozone concentration needs to be established initially. This is expected to result
in a time lag between the start of the UV lamp and the steady-state rate for the
conductivity decrease. The conductivity decrease shown in Figure is appropriate
for the purpose of a rough control of the oxidized fraction of the surface. A com-
plete surface oxidation requires a longer UV exposure. Such an experiment is shown

in Figure [2.6] where the surface of a sample was successively oxidized over a total



18 2. Diamond and its surface

) ' ) ' ) ' ) ' ) ' )
(O = é -
~ i & 7
X Y
< 20+ ) -
o LS
0 | i
o 3
o 40+ ° -
S i ° ]
P e °
S 6o -
5] °
3 S -
o
S 80 ® -
O o
100 1 1 1 1 1 1 1 1 1 1 1

0O 100 200 300 400 500
Ozonisation time (s)

Figure 2.5: Conductivity decrease of hydrogen-terminated diamond surfaces versus
time exposed to UV-produced ozone. After the ozonisation, the sample was left to
equilibrate over night before the conductivity was measured. Each data point repre-
sents the ozonisation of one sample with a particular initial, absolute conductivity.

Different colors represent different data series composed of a number of samples.

time of 9.2 hours until the conductivity reached the same value as for a completely
oxidized (with Oy plasma) sample, within the sensitivity limit of the current meter.
As before, the conductivities were measured after letting the sample equilibrate over
night after each oxidation step. In a linear plot, all of these current-voltage curves
show linear behavior, with only minor and not systematic deviations from linear-
ity observed as the conductivity decreases and the signal gets smaller. The sample
conductance (calculated from the slope of the current-voltage curves) is shown in
Figure in a semi-logarithmic plot versus the ozonisation time. Notwithstand-
ing the scattering in the data, the dependence of the conductivity decrease on the
ozone exposure time can be described as exponential. The first three data points
(starting at zero ozonisation time) seem to follow different kinetics. However, fur-
ther experiments are required to verify this. The data, starting from two hours of
ozonisation, can be fitted assuming first order kinetics, yielding a rate constant of
-0.7 h~!. The exponential dependence as compared to the linear dependence in Fig-

ure 2.5 can be attributed to the belated onset of oxidation due to the concentration
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buildup of ozone, which affects only the shorter oxidation times significantly, as dis-
cussed above. This is supported by the data points above 350 s in Figure [2.5] which
show a deviation from the linear behavior. A logarithmic behavior dependence with
a decreasing rate of conductivity decrease with a decreasing absolute conductivity
is plausible. Even while the probability of oxidation of a single hydrogen-carbon
bond by an ozone molecule may remain constant, the absolute number of hydrogen-
carbon bonds and therefore the total probability of encounters with ozone molecules
decreases with the absolute conductivity. This is a standard situation in which to

expect first order kinetics.
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Figure 2.6: left: Current-voltage curves recorded after consecutive ozone-induced
oxidation steps (indicated times give the total accumulated oxidation time). After
9.2 hours, once the conductivity cannot be resolved anymore with the current meter,
the sample is oxidized with oxygen plasma, known to result in a complete oxygen-
termination of the diamond surface. The color code is identical to the figure on
the right. right: Conductances calculated from the data on the left, shown in a

semi-logarithmic plot over the accumulated oxidation time.

Overall, the presented method allows for the controlled oxidation of a hydrogen-
terminated surface and, with it, of the properties associated with the degree of

hydrogenation or oxidation of the diamond surface.
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2.2.4 XPS characterization of diamond surfaces

While the hydrogen-termination of the diamond surface is a standard process and its
quality can be indirectly assessed via the established surface conductivity, the direct
investigation of the elements present on the surface via a surface sensitive method
such as X-ray photoelectron spectroscopy (XPS) can provide additional information.
The X-ray source used here was a synchrotron, where the monochromatic radiation
is generated by the deflection of electrons in an accelerator ring (beamline 11.0.2
of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory).
The X-rays are used to induce photoemission from the sample material. The kinetic
energy of the emitted electrons can be measured and, as the X-ray energy is known,
the original binding energy of the electrons can be calculated. Even for high energy
X-rays, only photoexcited electrons from approximately the top 10 nm are emitted.
Electrons generated deeper in the sample are recaptured or trapped in excited states.
XPS is thus a surface sensitive technique. In order to detect all emitted electrons
and prevent their adsorption before reaching the detector, XPS requires ultrahigh
vacuum (UHV) conditions.

The hydrogen-terminated samples were placed in an UHV chamber after prolonged
exposure to ambient conditions. In order to avoid charging of the surface as much
as possible, the samples were grounded. In addition to the predominant carbon
peak (nominally at 284 eV; [Fra95]), the initially recorded spectra showed a small
oxygen peak (nominally at 532 eV; [Mak03]) (see Figure 2.7). As will be discussed
later, adsorbed water on the diamond surface is believed to contribute to the oxygen
signal in the XPS spectrum (Section. Furthermore, adsorbed hydrocarbons on
the surface are expected to contribute to the carbon peak. Therefore an annealing
of the surface to remove both adsorbed water and hydrocarbons is necessary to
investigate the true composition of the diamond surface. After heating the samples
to approximately 725 °K and cooling down, the carbon peak is significantly sharper
and the oxygen peak relatively smaller (see Figure 2.7 and also Figures 2.8 and [2.9).
The diamond samples investigated exhibit peaks at the corresponding binding ener-
gies of carbon (Figure and oxygen (Figure . We fitted the Cls carbon peak
with four components with slightly different peak positions, one for the bulk car-
bon (around 284 eV [Wu93] [Gra94] [Klal0] |[Ghol0]), one for the hydrogen-bonded
carbon (A E=+0.75 eV; [Gra98]), one for the oxygen-bonded carbon (A E=+1.5
eV for the (100) surface and A E=+1.8 eV for the (111) surface; [Mak03]), and one
for the reconstructed m bonded carbon (A E=-1.0 eV; [Gra98]). For the hydrogen-

terminated diamond surface, contributions from the bulk carbon and hydrogen-
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Figure 2.7: XPS survey spectra of hydrogen-terminated diamond without any pre-
treatment (left) and after annealing at 725 K (right), revealing the Cls carbon peak
(= 284 V) and the Ols oxygen peak (= 532 eV). The Ols peak is greatly diminished

after annealing.

bonded carbon are obviously expected. The recorded Ols oxygen peak and the
fact that a component for the oxygen-bonded carbon is necessary to fit the overall
carbon peak both point to an imperfect hydrogenation. The contribution from re-
constructed 7 bonded carbon is less obvious and would point to surface carbon not
terminated at all or even sp? hybridized carbon residues. This component is very
small and the influence of its inclusion in the fit on the other components negligi-
ble. However, as it does consistently improve the overall residual of the fit and is
frequently observed in literature it was nevertheless included. The combination of
these four components is therefore expected for an imperfectly hydrogen-terminated
diamond surface. Over all spectra this combination results in a consistently decent

fit. The constrictions imposed on the fitting parameters are shown in Table [2.3

In some cases, none of these restrictions where actually needed, while in most cases
only one of the restrictions was required to fit the spectra with the four components
in a physically meaningful way. Before the fitting procedure the spectra were shifted
with the bulk carbon peak assigned to its expected binding energy value of 284 eV.

This is necessary due to charging of the surface from the photo-generated electrons.
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Figure 2.8: XPS spectra of the Cls carbon peak, fitted with four components
for the bulk carbon (red curve), the hydrogen-bonded carbon (green curve), the
oxygen-bonded carbon (blue curve), and the w-bonded carbon (cyan curve). left:
The spectrum was recorded without any pre-treatment. right: The spectrum was

recorded after in-situ annealing at 725 K.

It is worth recalling that the surface conductivity of the hydrogen-terminated dia-
mond strongly decreases after annealing in UHV conditions (see Section . The
biggest uncertainty of the fit of the Cls carbon peak results from assigning the con-
tribution of the C-H and the bulk carbon component. Small shifts in the position of
the C-H component significantly change its overall area and consequently also the
area of the carbon-oxygen component. As a result, the ratio of the oxygen versus
the hydrogen-terminated surface regions cannot be determined from the components
of the carbon peak alone. The Ols oxygen peak provides a more direct and quan-
titatively accurate measure for the oxygen content of the surface. After annealing
in UHV, the oxygen peak was fitted with one component, representing chemisorbed
oxygen on the surface with a binding energy of 532 eV (see Figure . The calcula-
tion of the oxygen surface coverage of the nominally hydrogen-terminated diamond
substrate is described in Appendix [A.I] where we estimate a monolayer coverage of

oxygen of 3% for the best hydrogen-terminated sample.

The XPS results discussed above allow to draw two conclusions. First, the surface is
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Figure 2.9: XPS spectra of the Ols oxygen peak, fitted with one component (red).

left: The spectrum was recorded without any pre-treatment. right: The spectrum

was recorded after in-situ annealing at 725 K.

Cls C bulk | C-H C-O0 C-Cr
line shape GL(50) | GL(30) GL(30) GL(30)
fwhm constr. [eV] 0.6-0.8 | 0.6-0.8 0.6-0.8 -
position constr. [eV] | 284 284+0.75 £ 0.1 | 284+1.5 £+ 0.1 for |-

(100)

284+1.8 £ 0.1 for

(111)
background shirley

Table 2.3: Constraints used for the fitting parameters of the Cls carbon peak XPS

spectra. The values for the lineshape refer to the contribution ratio between a gauss

and a lorentz shape.

indeed hydrogen-terminated with only a small oxygen content. Second, even with-

out subjecting the surface to annealing, there are little to no contaminations from

elements other than carbon, hydrogen and oxygen. Even the sample, which had

undergone processing for the gold contacts, showed additionally only a small silicon

peak before annealing, which we attribute to contaminations picked up during pro-
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cessing as silicon is a widely used material in the relevant rooms and equipment.

2.2.5 Water on hydrophobic diamond

The surface conductivity of hydrogen-terminated diamond has been explained [Mai00]
based on the presence of a layer of adsorbed water on the surface and, yet, the
surface is considered hydrophobic with a contact angle of around 90°. This appar-
ent contradiction is the motivation to investigate the adsorption of water on the
hydrogen-terminated diamond surface in ambient conditions.

Initially, we have studied the effect of water on the establishment of the surface con-
ductivity. For this purpose, the presumed water on the surface was initially removed
by annealing in vacuum, followed by a selective reintroduction of water vapor into
the vacuum chamber, all while continuously monitoring the surface conductivity of
the sample in situ. Experimentally, this was implemented by placing a hydrogen-
terminated diamond sample with processed gold contacts on a heater in a vacuum
chamber, where a leak valve to a water reservoir containing deionized and degased

water was installed.

Figure shows the time-dependent current recorded in a surface conductive di-
amond sample. The start ("1”) and end (”8”) points were both measured under
ambient conditions. During the heating phase ("2” to ”5”) from room temperature
to around 740 K, the conductivity drops by six orders of magnitude, only to be
reestablished by the stepwise increase of the water vapor pressure in the chamber

("5” to ”8”). The base pressure of the chamber was approximately 5x10~" mbar.

Going through the steps one by one, the conductivity already drops while pumping
down the vacuum chamber (1”7 to ”2”). In order to further remove the water, the
heater temperature is increased from point "2” (RT) to point "3” (740 K). This leads
initially to an increase in conductivity, followed by a decrease. When the heater
is turned off again (after point ”3”), the conductivity further decreases (until point
747). As the temperature decrease begins to slow down ("4” to ”’5”) the current rises
again to a low steady state value. After the leak valve is opened (point "5”), thereby
introducing water vapor into the chamber, the conductivity rises again, but to a
higher value than before (75” to 76”). Each subsequent increase in the water vapor
pressure is immediately followed by an increase in the conductivity (76” to 77 to

”8”). Finally, the sample is again exposed to ambient conditions (after point "8”),
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Figure 2.10: In-situ surface conductivity of a hydrogen-terminated diamond sample
during water removal and subsequent readsorption. The pressure increases in the
bottom graph are the result of water vapor dosing through a leak valve. After step
8, the vacuum chamber was opened to ambient conditions (as for the very first data
point). The gaps in the manually recorded data points correspond to the sleep cycle

of the experimenter. Note the broken x-axis at 22 h.
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resulting in a conductivity almost equal to the value before the experiment.

In light of the current understanding of the mechanism of the surface conductivity
of hydrogen-terminated diamond, we interpret the results in Figure [2.10] as follows.
In this experiment there are several processes at work, related to temperature and
the partial pressure of various gases, which influence the surface conductivity. As
described in Section[2.2.1] the transfer doping mechanism in diamond establishes the
equilibrium between the electrochemical potential of the electrons in the diamond
and those of two redox couples, described by Equations 2.1 and 2.2] By establishing
a vacuum, the partial pressure of the reactants and therefore their concentration in
the adsorbed water layer changes. However, as hydrogen is relatively much more
prevalent in high vacuum than in air, the ratios of the reactants of Equation [2.1] and
2.2 changes as well. Furthermore, the sample is heated, but not the whole vacuum
chamber. This means, that water is expected to specifically desorb form the sam-
ple surface, while at the same time the water vapor pressure in the chamber stays
almost constant. A lack of water constitutes a lack of electron acceptors as e.g. the
hydronium ion cannot exist independently, which is part of Equation [2.1] and [2.2]
Therefore the conductivity decreases during the heating phase. Finally, the con-
ductivity that is established can be susceptible to thermal activation, which could
possibly explain the rise in conductivity during the first part of the heating phase.
After the heating phase, when the sample has cooled down again, residual water
vapor in the vacuum chamber can readsorb on the surface and provide once again
electron acceptors for transfer doping. This could be at the origin of the current in-
crease between points 74” and ”5”. The subsequent injection of water vapor through
the leak valve increases the water vapor pressure, allowing for more adsorption (more
electron acceptors) and thus a further increase of the measured current. That indeed
the water vapor pressure is increased above all other constituents of the atmosphere
after water dosing, can be seen from the mass spectrometer data shown in Figure
2.11] The water vapor pressure (atomic mass 18) is a factor of twenty higher than
the nitrogen pressure (atomic mass 28) as the second most common constituent, not
counting hydrogen (atomic mass 2), which is always disproportionately abundant in

high vacuum.

The increase of the conductivity observed after each increase of water vapor pres-
sure has an exponential component, though the dependence is not the same for each

increase of water vapor pressure. The addition of water constitutes a fresh supply
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Figure 2.11: Mass spectrometer recording obtained after the addition of water
vapor resulting in a total pressure of 1.4 1075 mbar corresponding to step 5 in
Figure . The water vapor pressure (atomic mass 18) is a factor of twenty higher

than the nitrogen pressure (atomic mass 28).

of reactants, providing electron acceptors and thereby also changing the electro-
chemical potential of the acceptor redox couples. An exponential dependence of the
current increase can then be explained either by assuming corresponding adsorption
kinetics for the reactants, or by the reaction kinetics. While the adsorption kinet-
ics are not known, the reaction kinetics do add an exponential component to the
observed current increase. As a fresh supply of reactants is added with each water
vapor increase, the electrochemical potential of the electrons in the diamond and
in the acceptor redox couples are not in equilibrium anymore. Therefore electron
transfer from the diamond into the adsorbed acceptors will take place, until the new
equilibrium is reached. As a result, the number of accumulated holes in the diamond
increases, leading to the observed current increase. The rate or exchange current
across the diamond/acceptor interface in such a situation, can be described by the
Butler-Volmer equation, which describes the exchange current as a function of the

overpotential beyond the equilibrium potential (e.g. [Zha08]).

j = Jo {exp (%(E - Eeq)) — exp (%(E - E))] (2.5)
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Figure 2.12: XPS spectra of the Cls carbon peak and the Ols oxygen peak after
dosing water into the chamber (pressure 1.5 mbar). left: The Cls peak is fitted
with four components for the bulk carbon (red curve), the hydrogen-bonded carbon
(green curve), the oxygen-bonded carbon (blue curve), and the m-bonded carbon
(cyan curve). right: The Ols peak is fitted with two components for the adsorbed

oxygen (red), and the oxygen of the water vapor in the vicinity of the surface (blue).

j and jo describe the current and exchange current density respectively. a denotes
the charge transfer coefficient, e the elementary charge, kg the Boltzmann constant,
T the temperature, and z the number of electrons involved in one reaction. E,, and
E are in the case discussed here, the equilibrium potential of the redox couple at the
present conditions and the electrochemical potential of the electrons in diamond,
the Fermi level, respectively. The difference between E,, and E is the overpotential.
As the conductivity of Figure is dependent on the number of charge carriers
and therefore on the derivative of the exchange current over the interface, it inherits
the exponential dependence from the Butler-Volmer equation. Additional kinetic
effects, such as the above mentioned adsorption of the reactants at the surface will

further contribute to the overall kinetics.

Despite the complexity of the detailed behavior of the surface conductivity of the
described experiment, the basic conclusion remains clear. Once the surface con-

ductivity is removed by desorption of the surface acceptors, water is a necessary
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prerequisite to reestablish this surface conductivity, as only the water concentration
is limited during the annealing and only the water concentration changes signifi-
cantly during the dosing in of water into the chamber. This does not exclude the

contribution from other reactants (such as Os and Hj) to the surface conductivity.

This preliminary experiment was followed by a XPS investigation of the presence
of water on the hydrogen-terminated diamond surface, using the same synchrotron
beamline described above (see Section . For these experiments an important
and unique feature of this XPS setup was used. Traditionally XPS spectra are
recorded in vacuum conditions, as the electrons need to travel a significant distance
from the sample to the detector, and would be adsorbed by the gas molecules at
higher pressures. In ambient pressure XPS, this limitation is overcome by creating
an evacuated pathway for the emitted electrons while the chamber itself is at high
pressure. This is achieved with a very small opening of this evacuated pathway
to the chamber directly above the sample surface. The opening is big enough to
capture most electrons, but so small that the gas flow entering this pathway can be
evacuated with powerful pumps. This differentiated pumping is repeated three times
to reach satisfactory low pressures at the detector stage. An excellent overview over

this technique is given by H. Bluhm [Blul0].

Following the initial recording of the XPS spectra, the sample was annealed (as
described in Section and new XPS spectra were recorded, then water was
dosed into the chamber via a leak valve and spectra were recorded once again (see
Figure . Within the available beam time, it was possible for only one sample to
continue the experiment. This sample was cooled, to increase the relative humidity,
and spectra were recorded. Finally, the cycle was completed by annealing the sample
a second time and recording the spectra of the once more water-free sample surface.
Each of these spectra was fitted as described before (Section . In the spectra
of the Ols peak recorded at high water vapor pressure, a second oxygen peak at
higher binding energies (approx. +3 eV) is visible (see Figure 2.12)). This peak has
been attributed to the photoelectrons emitted from the oxygen in the water vapor
in the vicinity of the surface, which are also detected [Blul0],[Ver07]. As this is not
adsorbed water, we do not include this peak area into the calculations of the oxygen

peak.
Table 2.4 and Figure [2.13|show the ratio of the Ols oxygen peak arca to the Cls peak

area for the investigated samples for different experimental conditions. A calculation
of the surface coverage does not seem to be prudent as it involves the oxygen in the

water layer on top of the partially oxidized diamond surface. The ratio of the Ols
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experimental steps peak area ratio | peak area ratio | peak area ratio
sample S17 | sample S30 | sample S33
(100) (111) (100)

after annealing to 725 K 0.035 0.005 0.014

after water dosing to 1.5 mbar | 0.068 0.040 0.021

at 295 K = 6.4 % RH

after water dosing to 1.5 mbar | 0.073 - -
at 273 K = 28 % RH

after annealing to 725 K 0.039 - -

Table 2.4: Ratio of peak areas from the Ols and the Cls peak. The relative
humidity (RH) is calculated according to [Den08]: p/p,(T) x 100 = RH, with p and
po(T) the water vapor pressure and the equilibrium vapor pressure of water at the

temperature T, respectively.

oxygen peak area to the Cls peak area increases for all samples when dosing water
into the chamber. It increases further for the sample cooled to approximately 275
K, in line with a higher relative humidity. Finally the oxygen content is restored to
almost its original value after heating the sample to 725 K. These results show that
water or Oy is indeed adsorbed on the hydrogen-terminated diamond surface. The
surface is not oxidized during the water dosing experiment, as its oxygen content can
be restored to its previous value through annealing. The annealing temperature is
high enough to remove adsorbed water, but not high enough to remove chemisorbed
oxygen. These observations are in agreement with similar experiments in literature
[Lai04], [AkhI0].

From these experiments we conclude that water is indeed adsorbed on the hydropho-
bic hydrogen-terminated diamond surface. This is even the case at humidities below
ambient conditions. Furthermore, this water is a prerequisite for the surface con-
ductivity of hydrogen-terminated diamond. As the hydrogen-terminated diamond
surface is hydrophobic, this leaves us with an apparent contradiction, namely "hy-
drophobic water”. It is beyond the scope of this work to resolve this contradiction.
However, it should be noted that such phenomenons have been previously discussed.
The group of P-G. de Gennes has calculated thermodynamically situations in which
a drop forms on a liquid of the same material [Bro91]. Similarly, in the Stranski-
Krastanov growth mode in molecular beam epitaxy, initial growth in complete layers
is followed by further growth of islands on the same material. Furthermore, the be-

havior of water is strongly influenced by its ability to form hydrogen bonds [Cha05].
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Figure 2.13: Ratio of peak areas from the Ols and the Cls peak during the pro-
gressive experimental steps described in the text. The relative humidity corresponds
to 6.4 % in step 2 and 28 % in step 3 (see Table|2.4).

The hydrophobicity of surfaces is to some extent a result of the ability or inability of
water molecules to keep the hydrogen bond network intact at the interface to such
surfaces. Water molecules may also be oriented close to surfaces [Sed08], which in
turn reduces their ability to be incorporated in the hydrogen bond network. These
considerations make it plausible that the water adsorbed on the hydrogen-terminated
diamond surface has not the same characteristics as bulk water and therefore might

appear hydrophobic.

2.2.6 Functionalization of diamond surfaces

The development of diamond as a material for biosensors or bioelectronic devices
necessitates control of the surface and more specifically surface-functionalization
capabilities. In this context, the functionalization of diamond surfaces was developed
as an enabling capability in the course of this work.

The so-called functionalization of surfaces refers to their chemical modification with
molecular groups, that give the surface a desired property. Very often the goal

is to prepare the surface in such a way as to further covalently graft to the surface
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molecules such as e.g. fluorescence dyes or proteins to promote or inhibit cell growth.
In a sense, the termination of diamond with O- and H- atoms is already a function-
alization of the surface, as e.g. the hydrophobicity changes drastically. Further,
simple plasma or gas assisted terminations of the diamond surface are possible, e.g.
with F, Cl or NHy [Fre90] [Fre94] [Mil96]. A number of further functionalization
pathways for larger molecules have been developed. They use either hydrogen- or
oxygen-terminated diamond as their starting point. The reactions between the H-
or O-terminated diamond surfaces and these molecules are either photochemical,
electrochemical or simply chemical in nature. Two of these reactions, the function-
alization of the H-terminated diamond with alkene molecules and the binding of
silanes on the O-terminated surface, are of greater importance for this work. The
photochemical modification of the H-terminated diamond surface was first developed
and its mechanism described by the Hamers group [Yan02] |[NicO6]. This process
uses UV light to excite electrons from the diamond into the solution, activating the
terminal double bond of the alkene molecule, which subsequently reacts with the
surface to form a covalent C-C bond. The molecule used for the functionalization
was trifluoroacetamide-protected 10-aminodec-1-ene (TFAAD), which exhibits an
amine group after deprotection (see Appendix [A.5.4). The silanisation of oxygen-
terminated diamond surfaces depends on the reactivity of hydroxyl groups at the
surface [Ulm96]. Silanes are believed to react to silanols with water adsorbed on
the diamond surface and then form covalent bonds with the hydroxyl groups on
the diamond surface. This silane chemistry is a standard process applied to non-
diamond surfaces with hydroxyl groups as well [UIm96]. A common silane also used
for the functionalization of diamond is 3-aminopropyltriethoxysilane (APTES). For

details of the chemicals involved and protocols regarding these functionalizations see

Appendix [A5.4]

Functionalization of new molecules

Proteins are in many cases the type of molecules to tether to the surface. And one
of the most common functional groups present in almost any protein is the amine
group. As the functional end group of the TFAAD molecule is also an amine group,
a crosslinker is necessary to bind proteins to the TFAAD functionalized surface. It
is therefore desirable to use different molecules with other functional end groups to
avoid crosslinkers and bind e.g. proteins more directly to the surface. Undecylenic
acid (UA) is a molecule which differs only in its carboxyl end group from TFAAD.
This carboxyl group can directly bind to amine groups to form the so-called pep-

tide bond. The undecylenic acid molecule contains the same C-C double bond as
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the TFAAD molecule, therefore the same protocol than for the functionalization of
TFAAD molecules ([Yan02], [Har04], [ZhoO7], [Hau08|) was employed. Fluorescence
microscope images (see Figure show that undecylenic acid could be function-
alized on the surface and that the carboxyl group which binds to the dye remains
active. The bright regions were functionalized with undecylenic acid and thus bind
to the dye, whereas the dark regions are oxygen-terminated and therefore not func-
tionalized. The fluorescence dye used was Alexa Fluor 594 cadaverine (Invitrogen)

with an excitation wavelength of 590 nm and an emission wavelength of 617 nm

[Her08].

Figure 2.14: left: Fluorescence image of undecylenic acid functionalized diamond
surface using the Alexa Fluor 594 cadaverine dye to label the carboxyl groups. The
bright regions correspond to the functionalized part of the surface, whereas the
dark regions are oxygen-terminated and therefore not functionalized. right: AFM
image of undecylenic acid functionalized diamond surface. The central square was
scratched in contact mode, while the image was recorded in tapping mode. The
insets show the z-scale and an example profile across the scratched region (indicated
by green line). The height difference between the scratched and the unscratched

areas is approx. 0.8 nm after averaging several profiles.

Monolayer functionalization
While a large amount of work exists on functionalization of different biosensor sur-

faces including diamond, the emphasis is often, though not always, on the proof of a
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successful functionalization and not on the functionalization of a monolayer. Build-
ing on previous work of the functionalization of the TFAAD molecule ([Yan02],
[Har04]) and the undecylenic acid molecule, the thickness of the layer resulting from
the used functionalization protocol was investigated with an AFM. The function-
alized surface is scratched with an AFM tip in contact mode, followed by a scan
of the scratched area and its surroundings in tapping mode (see Figure . The
functionalization protocol was adjusted at a UV exposure time of 2 hours. The
resulting image is shown in Figure [2.14] with depth profiles of, on average, 0.8 nm,
which roughly corresponds to 1 monolayer. Analogue procedures for the TFAAD
molecule resulted in a layer thickness of 2.2 nm, corresponding to roughly 2 monolay-
ers. When judging the monolayer coverage from the thickness of the functionalized
layer, a stretched molecule is assumed. Further optimization of this coverage would
require improving the homogenity of the functionalization and the measurement

techniques for the coverage.

Aside from chemically attached material, functionalized multilayers could also arise
from physisorption. In order to remove physisorbed material suitable cleaning pro-
cedures have to be employed. This is especially important when functionalizing
surfaces in a pattern as in Figure because the functionalizing molecule can also
physisorb on the nominally unfunctionalized parts thus destroying the desired con-
trast [Hau08]. This is especially true for oxygen-terminated surface parts, which are
much more prone to adsorption of organic molecules than hydrogen-terminated sur-
faces. Obviously the cleaning procedure to remove excess material and physisorbed
molecules has to be tailored to the solvents and functionalization molecules used.
For the photochemical attachment of undecylenic acid, shown in Figure [2.14] and
TFAAD, the samples were cleaned with chloroform, methanol and isopropanol (see
Appendix . Besides excess material from the functionalization, contamina-
tions from dirty solvents, dirty reaction containers, and ambient reaction conditions
can result in agglomerates on the surface (see Figure . Independently of the
functionalization process, these agglomerates can be effectively removed by cleaning
the sample with diluted (5%) acetic acid solution in an ultrasound bath (see Figure
2.15)).

Discriminating functionalization

Surface functionalization usually refers to the chemical modification of the whole
surface. However, for a number of applications it is useful to pattern the surface
with different terminations and, therefore, properties on different parts of the sur-

face. The diamond surface naturally shows a great versatility in this respect, as it
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Figure 2.15: AFM image of APTES functionalized diamond surface. left: The
sample was cleaned with toluene and isopropanol for 20 min each in an ultrasonic
bath. right: This sample was cleaned additionally with 5 % acetic acid for 30 min

in an ultrasound bath.

can be oxygen- as well as hydrogen-terminated. Variation of functionalization on
the same surface is more challenging however. Several combinations of surface func-
tionalizations with different backgrounds - e.g. non-functionalized parts - have been
achieved (see Table . For any combination involving an oxygen-terminated part
on the final surface, this is simply accomplished by patterning the fully functional-
ized surface with photoresist, oxidizing the required parts and finally removing the
photoresist. A surface pattern relying wholly on a hydrogen-terminated surface is
more challenging. Figure depicts a fluorescence image of a pattern composed
of TFAAD functionalized parts, which are based on a hydrogen-terminated surface,
with a background, which is still hydrogen-terminated but not functionalized[l The
pattern depicted in Figure was achieved by first processing a gold pattern pro-
tecting the background area and dissolving the gold after functionalization with a
K1/I5 solution. Seemingly less challenging, but yet unsuccessful, is the a surface pat-
tern with a functionalization with APTES and a hydrogen-terminated background.
The problem here is the accumulation of presumably physisorbed APTES on the
hydrogen-terminated surface. A solution to this problem could be a cleaning proce-

dure particularly suited to this functionalization.

!Masks which shield the UV light required for this functionalization from the background area
first come to mind to achieve such a pattern. However, their lateral resolution is not high enough if
the mask is simply laid on the sample surface. A pattern made of photoresist is equally unsuitable

as the UV light and the functionalization solution damages the resist.
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Figure 2.16: Fluorescence image of a hydrogen-terminated diamond surface with a
pattern of TFAAD-functionalized, 4 pm wide lines (bright areas) on the hydrogen-
terminated background (dark areas). To achieve this pattern, the hydrogen-
terminated diamond surface was patterned with gold, the not-covered areas func-
tionalized with TFAAD, and the gold etched away with a KI/I, solution.

pattern success | process

Hwvs. O yes H-term.; photoresist mask; Oy plasma

TFAAD vs. O | yes TFAAD funct.; photoresist mask; O plasma

TFAAD vs. H | yes H-term.; Au mask; TFAAD funct.; Au etching

APTES vs. O | yes APTES funct.; photoresist mask; O, plasma

APTES vs. H | no H-term.; photoresist mask; O, plasma; APTES funct.
probl.: APTES accumulates on H-term. areas

Table 2.5: Different combinations of functionalizations and backgrounds with the
basic processing steps necessary to achieve these combinations. See Appendix[A.5.4

for details regarding the functionalizations.

2.2.7 Electrochemical stability of the diamond hydrogen-

termination

One of the big advantages of the diamond surface over other materials for biosen-
sors is its chemical and electrochemical stability. This work, however, deals with
hydrogen-terminated diamond and for any application that relies on this surface

termination its stability is equally important. Two fundamental dependences can
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be differentiated when investigating the degradation of the hydrogen-termination for
bio-applications in electrolyte. One is the degradation with time, which would be due
to chemical reactions of electrolyte components with the hydrogen-terminated sur-
face. The second is the degradation resulting from the operation of the device: when
changing its electrochemical potential, electrochemical reactions can be accelerated.
Such reactions are, of course, very much dependent on the potential of the electrode.
The potentials beyond whose either the electrode or the electrolyte decompose mark
the limits of the "potential window” of an electrode-electrolyte combination. How-
ever, a number of electrochemical reactions (e.g. from impurities in the electrode or
the electrolyte) do take place within the potential window and long-term operation
within the potential window might still lead to electrode degradation. We therefore
look into degradation within the potential window of hydrogen-terminated diamond
[Shi05] [Neb07].

In order to assess the stability of the hydrogen-termination in electrolyte over time,
the samples were kept in electrolyte under ambient conditions and their conductivity
measured irregularly every couple of days. Since the surface conductivity directly
depends on the hydrogen termination, any oxidation results in an immediate decrease
of the conductivity. The samples were kept in a phosphate based electrolyte buffer
solution of pH 7, 10 mM phosphate and adjusted to an ionic strength of 100 mM with
KCl. For measuring the conductivity, a three electrode setup with a potentiostat
(BANK, POS2) was used to set the electrode potential and an automated current
meter and voltage source (Keithley 2400) to measure the conductivity. The use of a
potentiostat is prudent for such an experiment, since the conductivity is dependent
on the electrode potential (see Section and only with a potentiostat a defined
potential can be guaranteed (see Appendix .

The results over a period of 50 days can be seen in Figure [2.17] For some samples
very limited degradation is observed over this time period (S09), while for other
samples the degradation is significant (S11f). Furthermore, in the first few days
an increase in conductivity can be observed for some samples (S43, S09). From
these observations, we initially concluded that it is at least possible to achieve very
limited degradation over such a time period. This conclusion is supported by similar
measurements (see Figure in a two-electrode configuration, that does not use
a potentiostat (see Appendix . The samples show no continuous degradation -
at least over the shorter time span investigated. Thus, we investigated the possible

degradation during the device operation.

For the investigation of the stability of the hydrogen termination while operating the
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Figure 2.17: left: Recordings of the surface conductivity over time for several
diamond samples stored in electrolyte. The samples were under potential control,
using a potentiostat, only during the measurements. right: Analog recordings for
two samples with two devices each. The setup for these measurements did not
use a potentiostat, but a standard voltage source to control the diamond electrode

potential with respect to the reference electrode.

device, the conductivity of the device was measured over eight hours while constantly
changing the electrode potential. Figure shows a plot of the conductivity at
the same potential over the number of consecutive measurements. The conductivity
changes less than 1% over this period. The sample was operated within the potential
window considered as "safe” - from -0.1 V to +0.4 V vs. Ag/AgCL

Previous experience has shown that any electric switching can cause significant po-
tential peaks exceeding the potential window of the hydrogen-termination by far.
This has been investigated as shown in Figure (right), where the conductivity
over the number of consecutive measurements is shown, similarly to Figure [2.18
(left), but with switching the potentiostat off and on after every ten measurements.
The data shows clearly, that the on/off switching of the potentiostat causes a sig-
nificant and yet erratic degradation of the sample conductivity, which is not caused
by e.g. continuous changing of the electrode potential. Measurements with an os-

cilloscope confirmed that the on/off switching of the potentiostat causes voltage
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Figure 2.18: Recordings of the surface conductivity over a number of consecutive
measurements consisting of sweeps of the gate voltage from -0.1V to +0.4V and of
the drain source voltage from 0V to -0.5V. The total measurement time was approx-
imately eight hours. left: The samples stayed under potential control continuously.
right: After every ten measurements the potentiostat controlling the gate potential

was switched off and on again (each set of ten measurements has one color).

peaks exceeding 2 V| significantly outside the potential window of the hydrogen-

termination.

The combined experiments discussed above are interpreted as follows: Continuous
operation in electrolyte causes only minor degradation of the surface conductivity
(see Figure left), while on/off switching, e.g. of the potentiostat, can cause sig-
nificant degradation by oxidizing the hydrogen-terminated diamond surface (Figure
right). Considering this, the degradation observed for some samples in Fig-
ure (left) is most likely due to the on/off switching of the potentiostat. The
fact that some samples show only very limited degradation supports this, as any
purely chemical oxidation should affect all samples roughly equally. Furthermore,
stability measurements over a shorter time on a different setup, as shown in Figure
(right), reveal no continuous degradation, suggesting, that the chemical oxi-
dation is very limited at most. Another indication of the chemical stability of the

hydrogen-termination is its stability in air under ambient conditions, where the sur-
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face conductivity is preserved for months. The initial rise in conductivity observed
for some samples in Figure could result from changes of the surface charge of the
diamond, resulting from adsorbants as samples were stored in ambient conditions.
Overall, the hydrogen-termination shows a high stability over time and under oper-
ation in electrolyte, considering the minimum degradation over time (Figure
and the minimal degradation under operation (Figure left). Furthermore, the
results show the importance of controlling the potential peaks, which occur when
switching electric equipment on and off. This has led to a new procedure for turning
on the potentiostat (see Appendix [A.4.2)), which disconnects the sample during the
switching.

In order to further investigate the stability of the hydrogen-termination, it appears
advisable to safeguard the sample from overpotentials even more. This could be
achieved by relinquishing the use of a potentiostat, operating in a two-electrode
configuration and using a battery powered voltage source to further avoid peaks re-
sulting from grid fluctuations. Such precautions might limit the degradation caused
by electrochemical oxidation with overpotentials and thus enable to detect any degra-
dation solely based on chemical reactions or on electrochemical oxidation within the

potential range now considered "safe”.



Chapter 3

Charge accumulation and
transport at the

diamond /electrolyte interface

3.1 Diamond solution gate field effect transistors

(SGFETsS)

Diamond solution gate field effect transistors (SGFETs) based on the surface conduc-
tivity of diamond (Section were first developed by the group of H. Kawarada
[Kaw01]. For these devices, the metal gate of earlier diamond surface-conductive
FETs [Kaw94, [Tsu99] was replaced with an electrolyte solution and a reference elec-
trode was used to control the gate voltage. The use of electrolytic gates for FETs
instead of metal gates has long been established [Ber70] [Ber03|] and first applied to
silicon FETs. Such devices are often referred to as ion-sensitive field effect transis-
tors (ISFETSs), although they are usually not sensitive to any particular ion, but to

the ionic strength.

For diamond SGFETs two metal contacts are placed on the surface of intrinsic di-
amond, contacting the hydrogen-terminated diamond area. Once immersed in an
electrolyte, a potential can be applied between a reference electrode (RE) and a con-
tact on the hydrogen-terminated diamond (see Figure . This potential applied
across the diamond/electrolyte interface determines the position of the Fermi level,
i.e. the electrochemical potential of electrons, in the diamond [Boc98|. By adjusting
the gate potential, the Fermi level can thus be pushed below the valence band max-

imum, allowing the accumulation of holes beneath the diamond surface. The charge

41
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is injected through the metal contacts and the potential drop leads to upward band
bending and the formation of a quasi two-dimensional hole gas (2DHG) beneath the
surface. Thereby the amount of charge carriers, and therefore the surface conductiv-
ity, can be generated, adjusted, and removed by varying the potential applied across
the diamond/electrolyte interface. As the Fermi level corresponds to the electro-
chemical potential of the diamond electrons, any change in the electrical potential
of the diamond is immediately reflected in its position. The positive charge that
accumulates consequently in the diamond is balanced by negative ions on the elec-
trolyte side as counter charge. Figure [3.2] visualizes the operating principle behind
the diamond SGFET.

/:I\
reference electrgi /ﬁ 1/

. . UGate
passivation of contacts

source

H-terminated
active area

U Drain-Source

m O-terminated
|
U/

Figure 3.1: Diagram of a diamond SGFET. The hydrogen-terminated part of the
diamond sample is conductive and contacted by the Au drain and source contacts.
The contacts are passivated with a silicone glue to avoid contact with the electrolyte.
The conductivity of the hydrogen-terminated part exposed to the electrolyte can be
modified by applying a potential between the reference electrode in the electrolyte
and the source contact, which thus acts as a working electrode. The oxygen termi-
nation of the remaining diamond surface avoids a short circuit via sample areas not

exposed to the electrolyte and, thus, not controlled by the electrolyte gate.

The importance of the hydrogen termination of the diamond surface lies again in the
shift of the valence band edge it produces (see Section [2.2.1]). As a result of the neg-
ative electron affinity of x = —1.0 eV, the valence band edge is shifted from -6.75 eV

versus the vacuum level E,,. for oxygen-terminated diamond to -4.45 eV versus E, 4.
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Figure 3.2: Simulated band diagram of the hydrogen-terminated dia-
mond /electrolyte interface. The Fermi level Er can be shifted below the valence
band edge Ey at -4.45 eV with a gate potential Ugs applied between the reference
electrode [irp and a contact on the diamond. In the resulting potential well carri-
ers accumulate in a two-dimensional hole gas (2-DHG, red area), leading to band
bending at the surface. The hole density is mirrored by a net negative ion density

on the electrolyte side (qualitatively indicated by red and green curve).

for hydrogen-terminated diamond. For diamond SGFETSs this means that much less
positive potentials need to be applied in order to push the Fermi level below the va-
lence band edge, and thus to accumulate holes and open the transistor channel. Due
to the limited potential window of diamond in aqueous electrolyte ([Gra99] [Gra00]
[Neb07]), the diamond SGFET can be operated only for hydrogen-terminated sur-
faces. A second crucial aspect of the hydrogen termination is its intrinsic surface
conductivity under ambient conditions. Somehow an electrical contact needs to be
established between the metal contact and the surface-conductive region of the dia-
mond. For diamond SGFETsS this is easily accomplished by an overlap of the metal
contact onto the hydrogen-terminated and thus surface-conductive area. As the
whole hydrogen-terminated area is already conductive, the potential applied to the

diamond electrode reaches the whole surface and can control the carrier accumula-
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tion [l

The surface conductivity of the diamond SGFET can also be influenced by the pH
and the ionic strength of the electrolyte solution |[Har07]. The basic mechanism
behind this is the presence of surface charge adsorbed on the electrolyte side of the
diamond surface. Any charge on the hydrogen-terminated diamond surface changes
the effective gate potential applied to the diamond SGFET and therefore its conduc-
tivity. The pH changes this surface charge either by charging hydroxyl groups left
due to imperfect hydrogen termination (as described by the so-called site-binding
model [Dav78]) or by preferential adsorption of hydroxyl or hydronium ions. Fur-
ther, any surface charge present can then be screened by the electrolyte ions more
or less effectively depending on the ionic strength, adding another sensitivity to the

diamond SGFET and giving some justification to the description as "ISFET”.

It is important not to confuse the operation of diamond SGFETs with the trans-
fer doping model, which explains the surface conductivity in ambient conditions.
The transfer doping model explains the accumulation of conducting holes beneath
the surface by the transfer of electrons from the diamond valence band to electron
acceptors outside the diamond, such as redox couples (see Section , until elec-
trochemical equilibrium is reached. In the SGFET case the charge is provided by
injection through the metal contacts contacting the hydrogen-terminated surface,
without any charge transfer across the surface. Furthermore, an equilibrium situa-
tion is most likely never reached in the SGFET configuration, as the position of the
Fermi level is set and kept at a certain level by the potential between the diamond
and the reference electrode. In a SGFET configuration, with the gate potential
and therefore the Fermi level and the hole concentration set, the transfer doping
mechanisms will still result in a transfer of charge. However, not the Fermi level
of the diamond will adjust to the electrochemical potential of the redox couples in
the electrolyte, but conversely the composition of the electrolyte will change with
the charge provided by the voltage source, keeping the diamond /reference electrode

potential constant.

IFor an oxygen-terminated surface this contact would have to be just at the border between the
metal contact and the diamond surface, with a surface conductivity yet to be established at this
border line by pushing the Fermi level low enough. Necessarily the metal contact would have to be
exposed to the electrolyte, facilitating a multitude of electrochemical reactions including electrolyte

decomposition.
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The field of possible applications for the diamond SGFET is that of biosensors and
bioelectronic devices. One of the fundamental characteristics of this device is the
change in the amount of accumulated charge as a result of a given gate potential
change. This should be directly proportional to the change in conductivity assuming
a constant mobility. The interfacial capacitance therefore determines the sensitivity
of the device. For diamond SGFETSs, this interfacial capacitance is high compared
to other materials. The reason for this lies in the absence of an insulator between
gate and conducting channel, which is required in traditional field effect transistors
to prevent electrochemical reactions at the bare semiconductor surface. The large
electrochemical potential window of diamond enables the direct polarization of the
diamond/electrolyte interface without the need of an insulating layer. Furthermore,
the diamond crystal is stable against the penetration of ions from the electrolyte,
avoiding drift of the device characteristics typical of e.g. Si-FETs in electrolytes.
The use of an ion containing solution, the electrolyte, as gate is then in principle
also the difference of SGFETSs to e.g. MOSFETSs. Accordingly, they could more
accurately be described as electrolyte gate field effect transistors (EGFETS)H

The design analogy to MOSFETSs extends also to the electrical characteristics of

potential « a)

linear b) saturation
regime i

S D S D S depletion region

Figure 3.3: Operating principle of the diamond SGFET. a) The gate potential
Ugs determines the position of the source contact potential S relative to the ref-
erence electrode potential igrg. A source contact potential below the valence band
maximum (VBM), results in hole accumulation (blue region). b) A drain-source
potential Upg shifts the drain contact potential D relative to the source contact
potential. ¢) The drain-source potential shifts the drain contact potential above the
VBM (the threshold for hole accumulation), thus creating a depletion region with

no hole accumulation. This depletion region limits the drain-source current.

diamond SGFETs. The conductivity of the conducting channel between the drain

and source contacts is modulated by the relative potential of the gate contact. In an

2The acronym "EGFET” is already in use for extended gate field effect transistors.
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open state, both drain and source potential are far from the threshold (see Figure
. A small drain-source voltage Upg gives rise to a drain-source current Ipg,
and since neither contact is brought close to the threshold by this small potential
change, the Ipg — Upg dependence is linear. If the drain-source voltage is increased,
so that the drain contact is brought close to or over the threshold by the potential
change, a depletion region is created, and the drain-source current saturates with
respect to the drain-source voltage. Both contacts are shifted with respect to the
threshold by the gate potential, which therefore determines the onset of saturation.
In the diamond SGFET case, the threshold corresponds to the potential, when the
Fermi level at the source contact reaches the valence band edge. The drain-source
voltage then shifts the Fermi level at the point of the drain contact with respect to
the source.

In the linear regime the drain-source current Ipg can be described by [Sze07, p.305]:
w 1
Ipg = ch — (UGS — Uth) Ups + §U%S (31)

i and C are the mobility of the holes and interfacial capacitance, respectively. W
and L are the width and length of the conducting channel. Uy, is the threshold
voltage, Upg the drain-source voltage, and Ugs the gate-source voltage. On the
other hand, the saturation regime is described by [Sze07, p.306]:

w

1
]DS = —§,qu (UGS — Uth)2 (32)

The threshold voltage depends on the negative electron affinity x, the band gap Fy,),
any surface charge at the diamond/electrolyte interface, and the reference electrode
potential (see Figure [3.2).

While diamond SGFETSs have been around for a number of years and the processing
technology is generally available, the interfacing of living cells as part of a bio-
electronic application requires transistors with gate areas on a scale of ym. Such
dimensions require a processing technology that is completely compatible with pho-
tolithography. The biggest challenge in this respect is the passivation of the metal
contacts. The passivation material needs to be stable in electrolyte and yet allow
photolithographic processing. SUS, a negative photoresist from MicroChem Corp.,
fulfills these requirements. A reliable technology for the fabrication of diamond
SGFETs of 10-20 pm dimension was established during this thesis (see Figure [3.4}
see Appendix for processing protocols) [Rei08]. Figure shows typical tran-
sistor characteristics of the diamond SGFETSs used in this work. The conductivity

can be varied 3-4 orders of magnitude and the leakage current for a closed channel is
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in the range of a few nA. The conductivity has a slope of 0.05 #S mV ™! in its linear
part, which should correspond to the product uC of Equation 3.1 A good agree-
ment is found considering values of around 50 cm? V= s7! for the mobility and 2
puF cm™2 for the capacitance. Small discrepancies can be partly explained by taking
into account the contribution to the total conductivity of the fraction of the sur-
face conductive channel beneath the SUS8 passivation, and thus not under electrolyte
control [Haul0]. This is the so-called access region, which diminishes the amount by
which the total conductivity (of the electrolyte exposed and the SU8-covered parts)
can be varied. The effective ratio of exposed to SU8-covered channel length is about
1:1 in the devices of Figure [3.5] For devices in the mm range, the SU8-covered
part of the channel corresponds to a negligible fraction of the total channel length.
Indeed, the slope of the conductivity has been recorded to be around 0.1 xS mV !
for such devices. The threshold voltage of this particular device, 4220 mV, is a
typical value. However, as shown below, the threshold voltage is one of the most
variable parameters between devices. This parameter is affected by the quality of
the hydrogen termination, as well as by the surface charge. Assuming a value of
200 mV for the threshold voltage, one would expect a negative electron affinity of
x=-1.0 eV corresponding well to measured values [Gar(8]. As already mentioned,
the transconductance maximum of approx. 20 uS at around Ug=-200 mV is directly
proportional to the interfacial capacitance and the carrier mobility, which are there-
fore fundamental for the sensitivity of the device. For a maximum device sensitivity,

the device should be operated at the maximum of the transconductance .

Regarding the stability in electrolytes the diamond SGFET has obvious advantages
over the standard silicon technology. In order to achieve comparable stability for
silicon devices a much more complex and sophisticated processing technology is nec-
essary. However, diamond SGFETSs need to also live up to other sensor performance
characteristics. The signal to noise level of current, not yet optimized, diamond

SGFETSs compares already well with silicon devices [Haul0].

A general weakness of SGFET devices, independent of the material technology, is
the need for a reference electrode. A proper reference electrode requires a chemical
equilibrium with the solution to establish its potential. This requires the analyte
solution to keep a constant concentration of the relevant ion species, which could be

problematic for implanted devices.

The picture presented above shows the diamond SGFET as a MOSFET equivalent,
where the conductivity is regulated via the electrolytic gate control of the carrier

concentration. While the device characteristics are in accordance with this picture,
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Figure 3.4: left: Micrograph of a 4x4 diamond SGFET array with leads to the bond
pads including SU-8 passivation. right: Image of a single transistor with Ti/Au drain
and source contacts. The intersection between the opening in the SU-8 passivation
layer and the hydrogen-terminated area of the diamond (not visible, but indicated)

represents the gate area.

it needs further verification through the determination of the carrier concentration
for different gate potentials. Aside from the charge accumulation, the transport at
the diamond/electrolyte interface is of interest to determine the limitations to the
mobility of the conducting holes. Based on the mobilities in bulk diamond (see
Section , there is a big discrepancy between the expected high mobilities in
diamond, and the initial estimate of 50 cm?/Vs based on the slope of the conductiv-
ity. As the conducting channel is directly beneath the surface, the influence of the
electrolyte gate on both the charge accumulation and the electronic transport is of
special interest here. To this end, we have developed a system capable of combined
Hall effect and resistivity measurements in electrolyte, which enables the determi-
nation of both carrier concentration and mobility independently (see Appendix

for experimental details regarding the setup).

3.2 Charge accumulation at the diamond /electrolyte

interface

This section deals with the charge accumulation at the diamond /electrolyte interface
according to the diamond SGFET model described in Section Initially, the
experimentally observed carrier concentrations from Hall effect measurements are

presented and discussed. Finally, the experimental data is compared to simulations,
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Figure 3.5: Transistor curves of a typical diamond SGFET (40x20 pm?). left:
Recordings of the drain-source current for drain-source voltages up to -0.3 V, at
gate potentials between Ugs= 0.4 V and Ugs= -0.7 V in steps of 50 mV. middle:
Conductivity opg of the two-dimensional transistor channel measured at Upgs= -100
mV. The slope above the threshold voltage Uy, is 0.05 uS mV~L. right: Transcon-
ductance g, of the transistor at Ups= -200 mV. For this device, the working point

with the highest sensitivity is around Uggs= -0.22 V.

performed using the software nextnano, to further elucidate the mechanisms of the

charge accumulation at the diamond/electrolyte interface.

3.2.1 Experimental sheet conductivity and sheet carrier den-
sity

Figure [3.6)and [3.7]show the sheet conductivity and sheet carrier density as a function
of the gate voltage of hydrogen-terminated diamond samples. The data are from
Hall measurements in the van der Pauw configuration and encompass a large number
of samples with variations in a number of parameters (surface orientation, nitrogen
impurity content, surface roughness, hydrogenation quality, ...). Figure shows a
subset of the data in Figures [3.6] and that exemplarily illustrates the behavior

for the most important categories of samples: optical grade samples with (100) and
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(111) orientation, and electronic grade samples with (100) orientation. The sheet
conductivity shows the behavior long observed for the SGFET configuration. The
continuous accumulation of holes with increasingly negative gate voltage validates
the model, that predicts charge accumulation as the Fermi level is pushed further
below the valence band edge. As will be shown in Section [3.3]the mobility also plays a
role in the conductivity change with gate voltage. However, this is highly dependent
on the diamond crystal quality and surface orientation. Therefore the SGFET model
adequately describes the behavior of the diamond surface conductivity in electrolyte
under potential control. For all samples the carrier density increases linearly with
the gate voltage after the initial slower rise, as shown in Figure [3.7 A linear fit on
that part, extrapolated to zero carrier concentration yields the threshold voltage.
The variation (approx. between -0.2 V and 0.45 V) in threshold voltages over the
different samples is significant. In principle the threshold voltage should be mostly
dependent on the quality of the hydrogen termination (Section . Additionally,
variations in the surface charge are effectively changing the threshold voltage. The
amount of surface charge is itself dependent on the hydrogen termination, since it

is partially influenced by the density of hydroxyl groups at the surface [Har(7].

As discussed in Section [3.0], the slope of the carrier density with respect to the
gate voltage is the interfacial capacitance. At higher gate potentials the interfacial
capacitance is dominated by the double layer capacitance and therefore constant,
as will be discussed in more detail later (see Section and Figure [3.19). How-
ever, the slope of the conductivity and carrier concentration are sometimes observed
to decrease with increasing gate voltage at very high (negative) gate voltages (see
Figure sample "S37b 100”). This decreasing interfacial capacitance can be un-
derstood by considering that the gated region of the hydrogen-terminated surface is
always contacted by a non-gated access region, which is covered under passivation
(see Section . When approaching high carrier concentrations, the gated areas
become more conductive than the non-gated ones, and the overall conductivity is

increasingly limited by the non-gated region [Haul0)].

Figure[3.9| visualizes the dependence of the interfacial capacitance and the threshold
voltage on the surface orientation and the nitrogen impurity content for all investi-
gated samples (see Figure . The corresponding numerical values are summarized
in Table[A.2]in the appendix. Over the wide variety and large number of samples the
capacitance is highly homogeneous in the "linear” part of the carrier density curve.
A systematic difference is observed, however, between the (100) and (111) surface

orientations. The average value of the interfacial capacitance for the (100) surface
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Figure 3.6: Sheet conductivity versus gate voltage of all investigated diamond sam-
ples. Solid symbols represent optical grade samples with a (100) orientation, open
symbols depict optical grade samples with a (111) orientation. Half-solid symbols
are for electronic grade samples, all of which have a (100) orientation. Open crossed

symbols correspond to samples that fall in neither category.

is 2.45 + 0.53 puF cm™2 and the value for the (111) surface is 4.29 £ 0.31 yF cm™2.
A slight difference in the average capacitance depending on the nitrogen impurity
level can also be observed. The values are 2.12 & 0.62 uF cm ™2 for electronic grade
samples and 2.65 + 0.37 uF cm™2 for optical and natural Ila grade samples. How-
ever, considering the scattering of the data, this difference would need to be further
verified in order to be statistically significant. As for the threshold voltage, a clear

difference depending on the surface orientation can not be observed. The threshold
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Figure 3.7: Sheet carrier density versus gate voltage of all investigated diamond
samples. Solid symbols represent optical grade samples with a (100) orientation,
open symbols depict optical grade samples with a (111) orientation. Half-solid sym-
bols are for electronic grade samples, all of which have a (100) orientation. Open

crossed symbols correspond to samples that fall in neither category.

voltage does seem to depend however, on the nitrogen impurity with an average of
-36 £ 155 mV vs. Ag/AgCl for electronic grade samples and 181 + 181 mV vs.
Ag/AgCl for optical and natural Ila grade samples. Again, the scattering in the
data is significant.

Complementary to the values derived from the Hall effect measurements, the in-
terfacial capacitance can also be obtained by electrochemical techniques such as

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Both
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Figure 3.8: Subset of the data in Figures[3.6and[3.7] that exemplarily illustrates the
behavior for the most important categories of samples: optical grade samples with

(100) and (111) orientation, and electronic grade samples with (100) orientation.

techniques in effect measure the current flow to the electrode/electrolyte interface
that follows a change in gate potential [BarO1]. This has been done for a selection
of samples and the interfacial capacitance calculated. The results are presented in
Table together with the interfacial capacitances obtained from Hall effect mea-
surements. While the independently obtained capacitance values are of the same
order, they do deviate by a margin not readily explained by experimental errors.
This deviation could be explained by taking the Hall factor into account and assum-
ing the capacitance values measured with EIS to be correct. As a consequence of
Equation [A.14] the carrier density ny measured with the Hall effect differs from the

carrier density ngrs measured with EIS by the Hall factor rgy:

nNg = —MNgis = TH =
g CH

(3.3)

The Hall factor can thus be calculated from the ratio of the capacitances Crrg and
Cpy derived from EIS and Hall effect measurements respectively (see Table .
The Hall factors calculated are different for (100)-oriented optical grade samples
(0.7), (111)-oriented optical grade samples (0.5), and (100)-oriented electronic grade
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Figure 3.9: Graphical evaluation of the interfacial capacitance and threshold volt-
age of the diamond samples in Figure[3.7 (see Table[A.d for numerical values). The
labels of the x-axis are to be read as follows: 0" as (100) orientation, "1” as (111)
orientation, "2” as Ila grade, "3” as optical grade, "4” as electronic grade. The eval-
uation of the surface orientation dependence of the interfacial capacitance and the
threshold voltage contains samples of Ila grade, optical grade, and electronic grade.
The evaluation of the nitrogen impurity concentration dependence of the interfacial

capacitance and the threshold voltage contains only the (100)-oriented samples.

samples (1.0). As the Hall factor is also dependent on the scattering mechanism, this

could indicate different scattering mechanisms for these sample categories, which will
be discussed in Section B.3.3

Table 3.1: Interfacial capacitances obtained by Hall effect measurements (see Table
and electrochemical impedance spectroscopy (EILS). The Hall factor is given as

well, assuming the capacitance values measured with EIS are correct.

sample surface ori- | impurity Cy [c’jn—};] Cers [ﬁ%] Hall factor
name entation grade r

S17b (100) IIa 2.74 2.07 0.76

S25b (100) op 2.69 1.72 0.64

S29b (100) op 2.40 1.78 0.74

S34b (100) el 2.32 1.97 0.85

S35b (100) el 2.37 2.57 1.08

S30b (111) op 4.53 2.29 0.51

S31b (111) op 4.74 2.33 0.49
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3.2.2 nextnano’®

nextnano®

is a software tool intended to simulate electronic and optical properties
of nanostructures in semiconductors [Bir07] [Bir]. To this end the Poisson and
Schrédinger equation are solved numerically and self-consistently. The equations
describing the semiconductor structure are discretized on a grid according to the
finite differences method. They are then solved iteratively with a Newton-Raphson
algorithm until the convergence criteria are fulfilled. The solution provides the
electrostatic potential, the band structure and the carrier density in one, two or
three dimensions. Additionally the situation in the device under the application of
external potentials across the device can be simulated. Furthermore, nextnano® is
also capable of simulating an electrolyte phase as part of the semiconductor device,
thus making it highly suitable for the simulation of the diamond solution gate field
effect transistor. Accordingly, the carrier density of the diamond SGFETs can be
simulated depending on the applied gate voltage, providing a theoretical reference
to the experimentally observed results, as well as allowing further insights into the
charge and potential distributions governing the diamond SGFETs.

The potential in the diamond SGFET and charge accumulation associated with it

are governed by the Poisson equation:

o Ap(z) = —p(2) (3.4)

Here, ¢y and ¢, are the dielectric constant in vacuum and the material respectively,
©(2) is the electrostatic potential, and p(z) the charge density at position z. Addi-
tionally, the potential and the charge density are linked via the Schrodinger equation.
In the present case, in order to fully describe the accumulation of holes at the dia-
mond interface, the Schrodinger equation needs to be set up and solved. Similarly,
the electron accumulation in silicon inversion layers was originally calculated based
on self-consistent solutions of the Poisson and Schrodinger equations [Ste67] [Ste72]
[Fan66] [And82]. Here, a potential well was assumed, which depends only on z.
The motion parallel to the surface is thus largely unperturbed and the motion per-
pendicular to the surface is very limited, a problem, which can be solved using an
effective one-dimensional Schrédinger equation. This leads to a situation in which
the eigenstates generated by the confining potential well perpendicular to the surface
correspond to the ground states of subbands for states parallel to the interface, which
are not confined. The occupation of these subbands gives the charge density. It was
assumed, that the wavefunction in z direction (so-called envelope function) vanishes

at the surface, and that the effect of any charge at the surface can be modeled by
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an equivalent electric field [Ste72]. A more general treatment of two-dimensional
systems can be found in the book of Davies [Dav98]. The effective one-dimensional

Schrodinger equation can be written as [Ste72]:

B R d*¢(z)
2m*  dz?

—ep(2)Gi(2) = BiGi(2) (3.5)

where m* is the isotropic effective mass, (;(z) the wavefunction describing the motion
in z-direction in the ith subband, e is the elementary charge, and E? is the bottom
level of the ith subband. The total charge is the sum over the charges of all subbands
[Ste67]:

p(z) = eZ 1G(2)]* N, (3.6)

where N; is the occupation number of the ith subband and given by [Ste67] [Ste72):

(3.7)

ETmgos Ep — E}
Ni = Gsubbandls d 0 ( r k)

2mh? kT

Jsubband 18 the degeneracy of the subbands (with lowest energy E?k), gs is the spin
degeneracy, mg,s is the density of states effective mass per subband, Fy(x) = In(1 +

e”) is the Fermi-Dirac integral with exponent zero, and EY = E? + fof is the

subband energy including the motion parallel to the interface. The total number
of carriers amounts to ny = », IV;, and in this two-dimensional system the Fermi
wavevector is given by kr = /2mn,.

As is evident from the equations, the Schrodinger and Poisson equations are coupled
via the electrostatic potential and the total charge density, and therefore have to
be solved numerically. In order to achieve this, an approximation serves as starting
point. For the presented case an approximation was developed by Fang and Howard
[Fan66] [Ste72]. With the presented approach the charge density in the diamond
can be calculated.

In the case of the diamond SGFET the device contains an electrolyte phase, thus
requiring an alternative description of the potential-charge interdependence in this
part of the device. The electrolyte, consisting of mobile ions in the solvent, can
be described by the Poisson-Boltzmann equation. The Poisson equation relates the
electrostatic potential with the charge density. The charge density, which in the
electrolyte is the net density of the positive minus the negative ionic charge, is

governed by a Boltzmann distribution [Ham98]:

plz) = e Yzl exp (—2(0(2) — 1)) (35)

i
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n? is the total charge density of ions i with z; being their valency. ¢ is the potential
in the bulk of the electrolyte. The Poisson-Boltzmann equation describes then the

situation in the electrolyte phase:

Z;€e

0V, - (e(2)V.0(2)) = —e Z 2n? exp ( —(p(2) - m) (3.9)

The equation is given here with a spatially varying dielectric constant €(z), which
will be shown to be relevant for aqueous electrolytes, as will be discussed in detail
later (see Section [3.2.3).

In summary, the Poisson equation links the electrostatic potential to the charge
density in the complete device, whereas the charge density is calculated using the
Schrodinger equation in the diamond part and the Boltzmann distribution in the
electrolyte part of the diamond SGFET.

In order to solve the Poisson equation, boundary conditions have to be provided.
They can be either Dirichlet boundary conditions, where a specific value is assigned
to the potential at the boundary, such as ¢ = const., or Neumann boundary con-
ditions where a specific value is assigned to the derivative of the potential at the
boundary such as ‘g—f = const.. In the case of diamond SGFETSs, a Neumann bound-
ary condition is chosen for the bulk diamond boundary with a value of zero for the
derivative of the potential. This constant potential corresponds to a situation where
the valence and conduction bands are flat and the Fermi level is determined by any
electronic states in the band gap related to trace impurities. For the electrolyte
side a Dirichlet boundary condition is chosen, giving the electrostatic potential a
specific value in the bulk electrolyte. This boundary condition reflects the effect of
the gate potential applied versus the reference electrode. It is important to clarify
that this boundary condition value does not correspond to the physical value of the
electrostatic potential in the bulk electrolyte without any gate potential applied -
such a value is experimentally unaccessible [Boc98]. The fact that the gate poten-
tial used (the set value of the boundary condition for the electrostatic potential) in
the nextnano simulations corresponds roughly with the experimental gate potentials
when using a Ag/AgCl reference electrode is coincidental. The zero point of the ex-
perimental gate potentials is the reference electrode potential which in the case of
the Ag/AgCl electrode lies 200-300 mV below the valence band edge of hydrogen-
terminated diamond in electrolytes [Gar08]. For the nextnano simulations, the zero
point is always set at the position of the Fermi level and the Dirichlet boundary

condition in the electrolyte is set relative to the Fermi level. For the experimentally
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relevant charge accumulation range, this results in a zero point for the simulations,

which is also a few hundred millivolts below the valence band edge.

The Poisson-Boltzmann distribution has long been recognized as being insufficient
to model the electrolyte behavior at interfaces [Boc02]. The ions have a finite size
and therefore cannot get infinitively close to the surface. In addition, solvated ions
are surrounded by a solvation shell of water molecules further increasing their ef-
fective size. This was recognized by Helmholtz in 1879 who modeled the interface
with two planes of ions at different distances from the surface. The inner Helmholtz
plane, comprised of adsorbed ions, which lost their hydration shell and can therefore
get closer to the surface, and the outer Helmholtz plane farther from the surface,
corresponding to the closest approach of hydrated ions. This picture was further
refined by Stern in 1924, who combined the two Helmholtz planes with the Gouy-
Chapman region (Gouy in 1909 and Chapman 1913), representing a diffuse layer

corresponding to a Poisson-Boltzmann distribution.

Beyond the approach of the ions to the interface, the assumption of a non-varying
dielectric constant of bulk water up to the interface has been challenged. Especially
for hydrophobic surfaces, the orientation of water molecules at surfaces and fluc-
tuations in the density of water were predicted and experimentally shown [Pra77]
[Ton94] [Hum9g| [Chal5]. A spatially varying dielectric constant in the immediate
vicinity of the interface is therefore to be expected.

With the availability of molecular dynamics simulations it becomes possible to simu-
late these effects and infer quantitatively any fluctuation of the density of water and
the forces acting upon ions near surfaces. We take the results from such calculations

and incorporate them in the Poisson-Boltzmann model.

The fit-functions obtained from atomistic molecular dynamic simulations by Schwierz
et al. [Sch10] result in water density profiles for hydrophobic and hydrophilic surfaces
(see Figure as a function of the distance z from the surface. The hydropho-
bicity of the surface was modeled by self-assembled monolayers (CooHyo) with CHg
and CH,OH endgroups for the hydrophobic and the hydrophilic surface respectively
[Sch10]. Tt is interesting to note, that even for the hydrophilic surface, the water
density shows fluctuations and decreases very close to the surface [Schl0]. For the

nextnano simulations we assume the dielectric constant to be directly proportional
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to the water density, according to [Sch10]:
(2)

6(’2) = €yac + pp_(Ebulk - €Ua6)7 (310)
0

where €,,. = 1 is the dielectric constant in vacuum, €, = 78 is the dielectric
constant of bulk water, p(z) is the water density profile as calculated from molecular
dynamics simulations, and pg is the bulk density of water. The resulting dielectric

constant is shown in Figure[3.10] Additionally to the water density profile, the force
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Figure 3.10: left: Water density profile at a hydrophobic and hydrophilic surface
obtained from molecular dynamics simulations [Sch1()]. right: Dielectric constant as
a linear function of the water density for the same surface. The parameters for the

calculations were taken from |[Sch1()].

between specific ions and the surface has been investigated with molecular dynamics
simulations, resulting in the potential of mean force (PMF) for ions in the electrolyte
[Sch10]. For two common ions, Na® and Cl™, also used as salts in the electrolytes
of this work, the PMF is illustrated in Figure 3.11] As can be seen, the potential
rises sharply for both ions around 0.6 nm from the surface, and consequently the

ions cannot approach the surface infinitely close.

The spatially varying dielectric constant and the potentials of mean force for the ions
are both incorporated into the original Poisson-Boltzmann description of the elec-
trolyte, yielding an extended-Poisson-Boltzmann model (ePB). Equation changes

therefore to:
WAV = —e 3 s exp (6P ) 4 selole) ) )« (300

where €(2) is the position dependent dielectric constant, and ¢ (2) is the poten-

tial of mean force for the ion i.



3. Charge accumulation and transport at the diamond/electrolyte

60 interface

— | ! | ! | ! N ! | ! | ! |

> 100 . 80 50 mM NaCl

g I y & i —5x10%2cm?
~ 80 - - 'E 60 | ns— cm _
< - . © A i
g o —o 1 Bl N
S 40} Na | c S —
c - . 2 20 F ,,-' —PBCl S
“5 0 — — — — -g 0 B ePB Cl 1
= i - o i ePB Na' 1
E _20 1 1 1 1 1 1 _20 1 1 1 1 1 1 1

% 0.5 1.0 15 2.0 0 2 4 6

o Distance z (nm) Distance z (nm)

Figure 3.11: left: Potentials of mean force (PMF) for sodium and chloride ions
at a hydrophobic interface, taken from [Schi()]. right: Ion distributions at the dia-
mond/electrolyte interface for the conventional Poisson-Boltzmann (PB) model and
the extended Poisson-Boltzmann (ePB) model with the potentials of mean force, cal-
culated assuming no surface charge. The PMF prevent the ions from approaching

the surface infinitely close.

The difference of the ion density profile at the interface between a plain Poisson-
Boltzmann model and the extended Poisson-Boltzmann model is illustrated in Figure
B.11} In the PB model, the electrolyte ions can get infinitely close to the interface,
according to the Boltzmann distribution. This close approach is prevented in the
ePB model with the potentials of mean force for the ions. Before the PMF's become
dominant in the ePB model (at distances from the surface smaller than 2 nm), the
ratio of the positive to negative ion species corresponds roughly to that from the

Boltzmann distribution.

In the nextnano model discussed so far, isotropic effective masses were assumed. Ac-
cordingly, the simulated charge accumulation is independent of the crystallographic
direction along which the potential is applied, and thus independent of the diamond
surface orientation. This is in contrast to the experimentally observed differences
between the different surface orientations (see Figure[3.7). In order to further refine
the model and to include the directional dependence in the calculations of the dia-
mond crystal, the simplification of isotropy of the effective masses is dropped. The
so-called "k-p” method allows the calculation of effective masses according to the

band structure [Yu05, p.69]. The effective masses thus calculated are not isotropic
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and should result in a more realistic model.

The k-p method can be derived using the Bloch-function as a solution to the one-

electron Schrodinger equation, which then reads [Yu05l p.69]:

2 pk-p R2k2
(fl—+- Py -+‘/>/uM5::E%EunE (3.12)

2m m 2m

The wavefunction w, i has the periodicity of the lattice, n is the band index, and
k lies within the first Brillouin zone. Initially this equation is solved for the case
of ko = (0,0,0). Once the solution for this case is known, the terms hk - p/m and
R%k?/(2m), which dropped out from Equation by solving it at ko = (0,0,0),

can be included as perturbations to the initial situation.

This leads to a solution for the energy eigenvalues £ ; in the form of

2k
Ejg=Ep+5 (3.13)

with m* called the effective mass of the band, which is

—

2
IR T (] 2, E)]
— == : (3.14)

* 21.2 o o
m m  m2k st E s—FE ;5

As the perturbation used is proportional to k, this method is ideally employed for
small &k, but can be expanded over the whole Brillouin zone. For details of the
method see e.g. the book of Yu and Cardona [Yu05] or Davies [Dav98]. When
applying the k-p method to calculate the band dispersion, the valence bands can
be characterized by so-called Luttinger parameters. Thus, the effective masses and
energy eigenstates can be determined using these Luttinger parameters [Yu05|]. For

the k-p calculations performed by nextnano a 6x6 k-p Hamiltonian is used [Bir].

For the Luttinger parameters, which serve as an input to the nextnano k-p cal-
culations, several sets can be found in literature ([Rau61] [Rau62] [Law71] [Reg83]
[Bas81] [Ere9l] [Kon93] [Wil94] [Ghe99| - and partly references therein). Sadly, even
though diamond is an elemental semiconductor and has obviously been available for
some time, these Luttinger parameter sets all disagree among each other and much
less do the values converge toward a single, generally agreed result over the course
of the years. This is true for experimental as well as theoretically derived sets. C.J.
Rauch presented the first values for effective masses [Rau6l] [Rau62|, experimen-

tally determined by cyclotron resonance. The most recent contribution is from M.
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Willatzen, M. Cardona, and N.E. Christensen, a theoretical work [Wil94].

In this situation we have calculated the energy dispersion for a number of these Lut-
tinger parameter sets (see [Birll]). Some of these (e.g. [Bas81] [Ere91] [Kon93]) show
an upward curvature of the energy dispersion, which we deem unrealistic. Among
those is e.g. the parameter set reported by Kono et al. [Kon93|, who employed the
cyclotron resonance technique just as Rauch, and claim that Rauch misinterpreted
the results. However, the unrealistic energy dispersion derived from their values

casts instead doubt on their results and their conclusions.

In this situation we focus on two sets of Luttinger parameters (see Table , the
first experimental one by Rauch and the most recent theoretical one by Willatzen et
al. This is done in the full knowledge, that the "true” Luttinger parameters might
eventually turn out to differ from either of these two sets. However, having compared
a range of parameter sets, it is clear that at least some qualitative conclusions can
be obtained. The initial experiments by Rauch employed straightforward cyclotron
resonance with a variation of the crystallographic orientation [Rau62]. The values
could not be credibly refuted since then and, actually, are one of the few experi-
mental parameter sets not leading to an upward curvature of the energy dispersion.
Furthermore, Rauch correctly predicts the value of the low split off energy of 6 meV.
The theoretically calculated (with some experimental input values) sets by Willatzen
et al. are the most recent addition in literature. This enables the authors to use the
latest methods (linear muffin-tin-orbital and k-p calculations). Furthermore, the
results correspond reasonably well to band structure results obtained by a differ-
ent method (tight binding) [Birll]. The energy dispersion for both parameter sets
and different crystallographic directions are illustrated in Figure [3.12] The energy
dispersion for the Rauch parameters is very isotropic in concurrence with his ex-
perimental findings. The Willatzen parameters, however, do lead to an anisotropy,
where there is a larger effective mass for the heavy and light holes in the (111) direc-
tion versus the (100) direction. Comparing the energy dispersions for both sets, it
is apparent, that especially the heavy hole band from Rauch corresponds to a larger
effective mass as compared to the Willatzen results. Table shows the Luttinger

parameters and isotropic effective masses according to both Rauch and Willatzen.

In order to efficiently assess the effect of various parameters on the hole accumu-
lations, isotropic effective masses were used for a number of simulations instead of

k-p calculated effective masses. In these cases the effective masses were taken from
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Figure 3.12: Bulk valence band energy dispersion of diamond for the (100) and
the (111) directions according to the parameters by Rauch and Willatzen.

Table 3.2: Luttinger parameter sets for k-p calculations as well as isotropic effective

masses (from [Rau62], |Ghe99], and [Wil94)]).

Rauch | Willatzen
o1 0.94 2.54

Yo 0.22 -0.10

V3 0.25 0.63

K -0.58 | -0.95
my, | 2.21 0.287

my, | 0.70 0.629
mg, | 1.06 0.394
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3.2.3 Simulated results and comparison to experimental val-

ues

The detailed electronic structure of the diamond hole accumulation layer and the
interface with the electrolyte as simulated with nextnano will be presented in the
following. The results are compared to experimentally obtained results, if these are
available. For most of the results, there is no qualitative difference between the
calculations for the Luttinger parameter sets of Rauch and Willatzen discussed in
the last section. In these cases only the results for calculations with the Rauch
parameters are presented. If there is a qualitative difference, the results for the

Willatzen parameters are presented as well.

Figure depicts the simulated diamond conduction and valence band at the in-
terface to the electrolyte for a charge accumulation of 1.3 x10' cm™ (gate voltage
Ug = —0.9 V). This charge accumulation corresponds to the maximum experimen-
tally observed charge accumulation for the (100) surface orientation. The electro-
static potential associated to the charge distribution at the interface is shown as
well. The conduction band is shown at the X point. For the valence band the three
valleys heavy hole (hh), light hole (Ih), and split-off hole (so) are shown, whereby
the split-off hole lies 6 meV beneath the energetically equal heavy- and light-hole
bands. The indirect band gap is, of course, 5.46 eV. In all nextnano simulations, the
Fermi level Er is set at 0 eV (gray line) and all other energies are depicted relative to
this level. As suggested earlier (see Section , the valence and conduction bands
bend upwards and the Fermi level rests below the valence band edge at the surface.
Accordingly, holes are accumulated in a quasi two-dimensional conducting channel
beneath the surface. For a hole accumulation of 1.3 x10'** cm~2 as shown, the lowest
four eigenstates contain 97 % of the charge in case of the Rauch parameters. For
the Willatzen parameters the lowest six eigenstates contain 99.8 % of the charge.
Figure depicts the probability distribution for these first eigenstates shifted by
their eigenvalues. Respectively two of these eigenvalues and eigenstates always have
the same energy and probability density because of spin (Figure shows only
one eigenvalue of each set). The lowest four eigenvalues for the Rauch parameters
have energies of -0.017 eV and -0.021 eV, while the lowest six eigenvalues for the
Willatzen parameters have energies of —0.007 eV, —0.032 eV, and —0.036 eV.

The spatial distribution of the hole density can be seen in Figure |3.15, The densi-
ties plotted correspond to the simulated gate potentials between Ug = —0.9 V and
Ug = —0.2 V for the (100) orientation. The maximum of the density shifts about
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0.3 nm between these two gate potentials. This result contradicts earlier calcula-
tions, which predicted a significant shift of the charge density towards the surface
with increasing charge density [Hei04]. In the surface-conductive channel the vast
majority of carriers is located within a region of 1 nm. For a sheet carrier density
of 1 x 103 ecm™2 to 5 x 10 em~2 this corresponds to a volume density of 1 x 10%°
em ™3 to 5 x 10! cm™2. Overall, 99.9 % of the hole density is accumulated over the
first four nanometers from the interface. Therefore, the size of the region, where the

charge distribution is calculated quantum mechanically is sufficiently large with 10

nm.
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Figure 3.13: Simulated conduction and valence band edge at a charge density of
1.3 x 10'® em™2 shown for the complete diamond slab (left) and the surface region
only (right). The electrostatic potential in the diamond and across the interface is

shown as well.

The hole density distribution in the kpuque plane (parallel to the diamond surface)
for a charge accumulation of 1.3 x 10* cm™2 is illustrated in Figure for the
(100) orientation. This shows the contribution to the overall hole density from each
Eparanier point. Integrating over the whole plane in k space yields the total hole den-
sity. The density distribution is very spherical for Rauch parameters, but less so
for the Willatzen parameters. The hole density distribution also shows, that only

k-values up to approximately & = 0.1 nm~! are relevant. According to Figure m
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Figure 3.14: The lowest eigenstates (square of the wavefunction shifted by its
eigenvalue) for the (100) direction at a charge density of 1.3 x 103 cm™2 containing
97 % and 99.8 % of the charge for the Rauch (left) and Willatzen (right) parameters,
respectively. The valence band edge and the Fermi level (at 0 eV) are depicted as

well.

this corresponds to energies no more than approximately 100 meV below the valence

band edge.

In the simulation shown in Figure an impurity concentration of nitrogen states
of 0.18 x10' c¢cm™3 (corresponding to a concentration of 1 ppm) was included
throughout the diamond slab. Most natural and all CVD grown diamond sam-
ples of optical grade have a nitrogen impurity concentration of that range. The level
of the electronic state created in the lattice by the substitutional nitrogen is 1.7 eV
below the conduction band [Far69]. The effect of including this nitrogen impurity
can be seen in Figure [3.13] in which the Fermi level in the bulk diamond comes
to rest in the band gap at 1.7 eV below the conduction band. Furthermore, the
total hole density is reduced by the amount of ionized nitrogen donors. This effect is
demonstrated in Figure by comparing the total hole accumulation for an optical
grade sample (5 ppm nitrogen impurity concentration) with an electronic grade sam-

ple (5 ppb nitrogen impurity concentration). The increased nitrogen concentration
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Figure 3.15: Distribution of the hole density in z-direction at different integrated
hole densities, calculated for Rauch’s Luttinger parameters and a (100) orientation.
The values of the legend represent the integrated areal hole density in units of 103

CIH72.

effectively shifts the threshold voltage, as the nitrogen donors are compensated by
holes. Comparing the average experimentally observed threshold voltages for groups
of samples with different nitrogen impurity content (see Figure , this effect is
supported, though the dispersion of the data is significant. If the density of nitrogen
donors becomes too large, the hole density decreases accordingly and the surface
conductivity vanishes [Ris02]. This may happen either in samples with a naturally
high density of nitrogen impurities or in samples treated with nitrogen ion beam
implantation to create nitrogen-vacancy (NV) centers [Haull]. Reversely, the hole
density compensates the electrons from the nitrogen donors and as more holes are
generated at higher gate potentials, more nitrogen donors are compensated. This
effect can also be used to compensate the NV centers. In effect, the charge state
of the NV centers can be switched by controlling the gate voltage of the diamond
SGFET accordingly [Haull].

The positive charge in the diamond is balanced by a net negative charge in the
electrolyte. The ion distribution can be seen in Figure [3.18) While in the bulk
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Figure 3.16: Hole density distribution in the kpuauer plane for a (100) orientation
at a carrier concentration of 1.3 x 101 em™2 - left: for Rauch parameters and right:

for Willatzen parameters.

electrolyte negative and positive ions compensate each other, in the vicinity of the
interface a net surplus of negative ionic charge compensates the positive charge of
the holes in the diamond. The positive charge in the diamond is not completely
compensated by the ions, as some of the hole charge is compensated by nitrogen im-
purities distributed over the whole diamond slab and ionized closer to the interface.
The maximum of the ion distribution is at 0.76 nm from the surface (at a simu-
lated charge density of 1.3 x 10 cm™2). The ion distribution illustrated by Figure
3.18| shows the total positive and negative ion density, which is mostly composed
of the base salt of the electrolyte such as sodium and chloride. The anions in the
electrolyte compensate the charge of the accumulated holes in the diamond. The
total ion concentration (cation concentration minus anion concentration) is therefore
negative in this region. The buffer ions are also subject to the electrostatics in the
vicinity of the interface. As a consequence, the different charge states of the buffer
ions show different concentrations depending on the distance from the surface and,

consequently, the local pH should be affected (data not shown).

For the calculations of Figure no surface charges were taken into account. At
pH 7 negative surface charges are expected to be at the diamond surface [Har(7].
In principle, the presence of surface charges shifts the effective gate potential, and

consequently the threshold voltage. Indeed, the simulations predict such a shift in
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Figure 3.17: Gate potential dependent carrier accumulation for two typical nitro-
gen impurity contents: 1 ppm (optical grade samples) and 5 ppb (electronic grade

samples).

threshold voltage, of approximately +200 mV for an additional surface charge of 5

x 1012 cm™2 (data not shown).

The basic effect of the extended Poisson-Boltzmann (ePB) as compared to the con-
ventional Poisson-Boltzmann (PB) model discussed in Section is that it creates
a gap between the diamond surface and the electrolyte in the hydrophobic case.
The effect on the potential drop at the interface from the difference between the hy-
drophobic ePB model and the conventional PB model is illustrated in Figure [3.19
The potential drop in the electrolyte is much larger for the hydrophobic ePB model
due to the presence of a region (about 0.25 nm thick) with a dielectric constant of
about 1 (see Figure and Equation . Accordingly, for the same gate bias
conditions, the potential drop in the diamond is smaller for the hydrophobic ePB
model, allowing less charge carriers to accumulate at the interface. The electric field
corresponding to the potential drop between the diamond surface and the onset of
the water density, corresponds to 87 mV/ A between 0 nm and 0.2 nm. In the
intermediate region between 0.2 nm and 0.34 nm the average field (note that the

potential drop is not linear here) is 11 mV/ A . The potential drop in the diamond
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Figure 3.18: Ion density profile in the vicinity of the surface for a hole accumulation
0f 1.3 x 10'3 em™2. The anions (predominantly chloride ions) compensate the charge
of the accumulated holes in the diamond. The total ion density (cation concentration

minus anion concentration) is therefore negative in this region.

provides the extra energy that is required for filling the quantum well at the surface
with holes, defining the so-called the "quantum capacitance” of the two-dimensional

hole gas [Lur88]. The quantum capacitance Cg can be calculated as:

8n5
8(EV — EF)/G

Co = (3.15)

Therefore, the total interfacial capacitance is the serial combination of the quantum
capacitance and the capacitance of the electrolytic double layer formed by the holes
in the diamond and the ions in the electrolyte (see Figure . At low gate volt-
ages, the quantum capacitance dominates and at high gate voltages the interfacial

capacitance is limited by the voltage-independent double layer capacitance.

In summary, the nextnano simulations with the extended Poisson-Boltzmann model
for the electrolyte reproduces the experimentally observed results qualitatively, con-
firming the SGFET model presented in Section [3.1] The charge accumulation in-
creases with increasing gate potential, as the Fermi level is pushed deeper into the

valence band. Furthermore the simulations provide additional details such as the
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Figure 3.19: left: Simulated potential drop across the diamond/electrolyte inter-
face and the corresponding position of the valence band (VB) with respect to the
Fermi level for the PB and the ePB models. The bars indicate the total potential
drop in the electrolyte for the respective model. right: Simulated capacitance of
the diamond /electrolyte interface (black). The interfacial capacitance is determined
by the series combination of the quantum capacitance (red) and the double layer
capacitance (green). The double layer capacitance in this figure is estimated as the

maximum of the interfacial capacitance.

subband occupation, help explain and confirm experimental findings and correspond-
ing hypothesis such as the vanishing of the surface conductivity with increasing ni-
trogen content, and predict new phenomena like the switching of the charge state of
nitrogen-vacancy centers. In the following the simulations are quantitatively com-
pared with the experimental results, and yield an even deeper understanding of the

charge accumulation at the diamond/electrolyte interface.

The simulations shown above were partly based on the isotropic effective mass as-
sumption for greater calculation efficiency. The potential-dependent carrier density
for the isotropic effective mass and the k-p calculations are compared in Figure [3.20]

both for the Rauch and Willatzen parameter sets. For the Rauch parameters (left
graph in Figure [3.20)) the energy dispersion was very isotropic (see Figure [3.12)) and
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Figure 3.20: Comparison between hole densities simulated with the isotropic ef-
fective mass approximation and with the effective masses calculated with the k-p
method. left: for Rauch parameters and right: for Willatzen parameters. The re-
sults for each parameter set are compared for the hydrophobic and the hydrophilic
case and the differences are compared to those that emerge for a (111) orientation or
the conventional Poisson-Boltzmann model. Note, that the legends of the left and

right figure are relevant for both.

accordingly there is little difference between the (100) and the (111) k-p results for
the hydrophobic case. Equally, the effective mass calculations yield the same result.
For the hydrophilic case, the difference between the isotropic effective mass and the
k-p calculations is more pronounced, with the k-p results yielding a weaker ng-Ug
dependence, i.e. a lower interfacial capacitance. In order to illustrate the difference
between the hydrophobic and the hydrophilic case of the ePB model, the result for
the conventional PB (assuming isotropic effective masses) is shown as well. The
hydrophilic case, with its closer approach of the water and ions to the surface, shows
a ng-Ug dependence almost as high as for the PB model. The same comparisons
are made for the parameters according to Willatzen. Here, the bigger anisotropy of
the energy dispersion (see Figure results in a more marked difference between
the (100) and (111) k-p results for the hydrophobic case. However, the influence
of the crystallographic orientation is much smaller than that of the hydrophobicity.
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Comparing both parameter sets, the results are not only qualitatively but also quan-
titatively very similar. Obviously the differences in the energy dispersion between
the parameter sets (see Figure with their different effective masses does not
show up as pronounced in the charge accumulation. The small difference between
the k-p and isotropic effective mass calculations in turn justifies the use of this

simplification for most cases.
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Figure 3.21: Comparison between the simulated results and the experimentally
obtained carrier concentrations for different gate potentials. All data sets are nor-
malized with respect to their threshold voltage. The simulated results are based on
k-p calculated effective masses and are shown for the (100) and the (111) orientation
for the hydrophobic case, and the (100) orientation for the hydrophilic case (calcu-
lations based on left: Rauch parameters; right: Willatzen parameters). The result
of the conventional Poisson-Boltzmann model based on isotropic effective masses is

shown for reference.

The nextnano simulations are compared to the experimental results for the charge
accumulation versus the gate potential in Figure The experimental results were
normalized with respect to their threshold voltage, so that they differ only in the
slope of the carrier concentration, which corresponds to the interfacial capacitance.
The homogeneity of the interfacial capacitance and the difference for the (111) and

the (100) surface orientations are very clear. Figure encompasses the data
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sets from Figure [3.71 Only those data sets are excluded whose slope of the carrier
concentration is not linear enough to establish a threshold voltage. The nextnano
simulations shown use the ePB model with k-p calculations for the (100) direction
(hydrophobic and the hydrophilic case) and for the (111) direction (hydrophobic
case only). The PB model for the (100) orientation with an isotropic effective mass
approximation is shown as well for reference. The nextnano simulations were also
normalized regarding their gate potential. The experimental data for the (100) sur-
face orientation and the hydrophobic extended Poisson-Boltzmann model show a
remarkable agreement for the parameter sets of both Rauch and Willatzen. The
extended Poisson-Boltzmann model applied to the hydrophilic surface predicts an
interfacial capacitance (i.e. the slope of the ng-Ug curve) significantly higher than
experimentally observed for the (100) surface orientation. The experimental data for
the (111) surface orientation, however, can not be reproduced. For the Luttinger pa-
rameter set from Willatzen, the observed (111) versus (100) anisotropy qualitatively
agrees with the experimental data, as the simulated results for the (111) orientation
do show a higher capacitance than for the (100) orientation. But the simulated
difference is much smaller than experimentally observed. This is of course even
more the case for the largely isotropic parameters by Rauch. The experimentally
observed difference in the interfacial capacitance between the (100) and (111) sur-
face orientation, 2.45 uF cm~2 and 4.29 uF cm~? respectively, can therefore not be
explained with the crystallographic orientation of the diamond crystal according to
the nextnano simulations. These simulations can only account for differences in the
diamond itself, and thus only in the part of the interfacial capacitance that results
from the quantum capacitance (see Figure [3.19). Therefore, the observed difference
in the interfacial capacitance should result from a surface orientation dependent dif-
ference in the double layer capacitance. Possible mechanisms leading to different

interfacial capacitances for the (100) and the (111) surface are discussed below.

According to the nextnano simulations, the surface hydrophobicity has a much larger
impact on the interfacial capacitance than the crystal orientation. The contribution
of the water density profile and the PMFs to the interfacial capacitance can be
differentiated when shifting both profiles with respect to the surface. A shift of +
0.5 A with respect to the surface is a typical variation for different hydrophobic
surfaces [Sed08|, [Sch10]. Figure (left) shows the influence of the size of the
water-depleted region (gray shaded region). The effect for an equivalent shift of the
PMFs, in this case £+ 1 A | is shown in Figure (right) using an enlarged x-axis,

and is comparably insignificant.
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Figure 3.22: [eft: Effect of a shift in the water density profile relative to the surface
on the interfacial capacitance. For the hydrophobic case the water density profile
is shifted + 0.5 A ("ePB +0.5A(p)”) towards and away from the diamond surface
(gray shaded region). The hydrophilic case is shown for comparison. right: Effect
of a shift of the PMFs, and therefore the maximum of the ion density, relative to
the sample surface. The PMFs are shifted + 1 A ("ePB£1A(PMF)”) towards and
away from the diamond surface. The effect is too small to be visible on the scale of
the figure on the left-hand side.

The relative importance of the water density profiles as opposed to the PMFs can
be explained with the simple model shown in Figure [3.23] where the interface is
approximated using a plate capacitor model with three regions. The first being the
region (size dy= 0.5 nm) between the two-dimensional hole gas and the diamond
surface with a diamond dielectric constant of 5.68; the second region (size dy =
0.34 nm) ranging from the diamond surface to the onset of the water density with
a vacuum dielectric constant of 1; and the third region (size d3 = 0.42 nm) with a
water dielectric constant of 78 between the onset of the water density (neglecting
any substructure of the water density) and the closest approach of the ionic coun-
tercharge. The distance ds is directly related to the PMFs and can be estimated
from the maximum of the ion distribution shown in Figure [3.11] Effectively, these

three regions correspond to three capacitors in series and the equation for the areal
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Figure 3.23: Simple parallel plate capacitor model for the interfacial capacitance.
The interface is modeled with three regions, corresponding to three capacitors in
series. The first region extends from the maximum hole density to the surface (d;),
the second region extends from the surface to the onset of the water density (dz),
and the third region extends from the onset of the water density to the maximum
ion density (ds). The dielectric constants of these regions are the respective bulk

constants of the materials diamond, vacuum, and water.

capacitance is then:

c 78 X 5.68 X €yucuum
A 78 xdy+ 78 X 5.68 X dy + 5.68 X dj

With the values for the extent of the regions given above (taken from the simu-
2

(3.16)

lations), the areal capacitance calculates to 2.9 uF ¢cm™ - in excellent agreement
to the capacitances found experimentally. As in any serial capacitor configuration,
the smallest capacitance dominates the total capacitance and, in this case, the di-
amond/electrolyte interface is dominated by the capacitance of the water depletion
region at the surface with its small dielectric constant. This crude model therefore
succeeds in explaining the large effect of a shift in the water density profile (factor of
5.68 x 78 in the denominator) and the negligible effect of such a shift of the PMFs
(effectively the approach of the ionic countercharge to the surface) with a factor of
5.68. As only the water density profile and its position are relevant, and the exact
position of the ions much less so, the calculations for the PMFs are unnecessary for
the charge accumulation. Any method that keeps the ions somewhat farther away

from the surface than the water would be sufficient. Other methods to this effect,

such as a generic soft ion repulsion, have been used when performing calculations
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simulating solid/electrolyte surfaces [Bonl1].

This hydrophobic gap with a low water density in the vicinity of the diamond sur-
face is in agreement with studies of other hydrophobic systems where a water den-
sity depletion has been observed [Kun09] [Mez06] [HuaO8] [Mez10] [Jen03]. The
results shown in this thesis confirm the effect of the hydrophobicity of the hydrogen-
terminated diamond surface on the charge accumulation at the electrolyte inter-
face. More broadly, these results are relevant for any hydrophobic potentiometric
biosensor, such as e.g. field effect transistor devices. The effect is negligible in
Si/Si0Og-based field-effect transistor devices, not only due to their hydrophilic na-
ture but also because the oxide acts as a dielectric spacer between the charges in the
semiconductor and the water, thus masking the effect of an additional hydrophobic
separation [Bir(8]. However, new materials for biosensor devices, such as graphene,
self-assembled monolayers, and some organic semiconductors are hydrophobic and
are usually employed without an oxide layer [Danl0] [Sch10] [Butll]. Accordingly,
the discussed consequences of hydrophobicity and the resulting depletion layer are

relevant there.

So far the accuracy, applicability, and shortcomings of the simulations have not yet
been discussed. As is clear from Figure [3.21] the experimental results for the (111)
surface orientation are not well replicated by the simulation. While the interfacial
capacitance for (111) oriented samples is significantly lower than results for the hy-
drophilic ePB model, they are also significantly higher than for the (100) oriented
samples and therefore higher than the results for the hydrophobic ePB model. Ob-
viously even the simulations using the effective masses based on k-p calculations

cannot account for this.

There are a number of other shortcomings of the presented simulations. For instance
the parameters for the simulation of the electrolyte close to the hydrogen-terminated
diamond surface were calculated for a model hydrophobic surface based on SAMs
with hydrophobic and hydrophilic end groups respectively. As has been discussed
before, a hydrophobic gap, meaning a water depletion layer in the vicinity of hy-
drophobic surfaces, has been postulated and observed for a wide range of hydropho-
bic surfaces. Therefore the general finding, that a hydrophobic gap influences the
charge accumulation, or, more broadly, the potential drop at the surface remains rel-
evant. However, the substructure of the water density profile is expected to change
for different hydrophobic surfaces. Accordingly, the interfacial capacitance would

change, e.g. representing the experimental results for the (100) surface less well. We
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have tried to estimate the effects of such a change with the shift of the whole density
profile as seen in the gray area of Figure Likewise, the PMF's used were those
for the C1~ and Na™ ions only, ignoring the other ions in the electrolyte. Given that
the C1~ and Na™ ions constitute the mayor part of the electrolyte ions, and that the
exact position of the ions has turned out to be almost irrelevant, this seems largely
justified.

An additional simplification is the assumption that the water density is directly
proportional to the dielectric constant according to Equation [3.10] However, it has
been shown that water molecules may be oriented at surfaces and specifically at
hydrophobic surfaces. Such an orientation would decrease the dielectric constant
and potentially significantly alter the results. Water orientation at hydrophobic
surfaces is attributed to a reduced density of hydrogen bonds between the water
molecules and the surface, and the tendency of water molecules to maintain their
hydrogen bond network [Sed0§|, and has been shown for different systems [Goh8§]
[Sca01]. This not only leads to a water dipole orientation, which would influence the
dielectric constant, but also seems to change the reorientation time of these water
dipoles and correlation of the dipoles, all affecting the dielectric permittivity, as sug-
gested by studies on different systems [Des04] [Tie09] [Sha07]. Such changes in the
dielectric constant were observed or calculated e.g. for biological systems ([Des04]
[Tie09]) or at high electric fields [Yeh99]. However, these effects are still under study,
and so far a quantitative dependence of the dielectric constant with respect to the
distance of hydrophobic surfaces or, specifically the hydrophobic diamond surface,
has not been presented. Furthermore, recent theoretical work [Bonll] suggested
that the details of the dependence of the dielectric permittivity on water ordering
at hydrophobic surfaces are not as straightforward as a permittivity decrease with
increasing water ordering - though this is approximately the case. Moreover, even
this study (|[Bonll]) predicts the hydrophobic gap, which should be the more dom-

inating effect, as discussed next.

Beyond the hydrophobic effect, the local electric field from the surface dipole moment
of hydrogen terminated diamond could have an additional effect on the ordering of
water molecules. The hydrogen-terminated diamond surface shows a surface dipole
moment of 1.32 x 10730 Asm (=0.08 eA ) for the (100) orientation. Water molecules
have been shown to be oriented in the electric field in the vicinity of charged sur-
faces for other systems [Hab86] [Ton94]. The polarity of the surface carbon-hydrogen
bonds could also again affect the hydrophobicity of the surface in general and thereby
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again influence the water depletion or orientation of water molecules [Gio0O7]. The
effect of oriented water molecules can be roughly estimated with the simple plate
capacitor model presented above. Assuming the most extreme case of completely
oriented water molecules, the dielectric constant for the now oriented water layer
of thickness ds is estimated to be 6 [Boc02]. The model would then predict an

2 instead of 2.86 uF cm™2 for water with a

interfacial capacitance of 2.13 pF cm™
dielectric constant of 78. Obviously the total interfacial capacitance is still largely
dominated by the hydrophobic gap with a dielectric constant of 1. Therefore, water
ordering should be a secondary effect to the size of the hydrophobic gap. Yeh et al.
found a 50 % decrease of the dielectric constant of water for an electric field of 50
mV /A [Yeh99]. Considering that the potential drop is about 90 mV /A in the water
free region and only about 10 mV/ A at the onset of the water density (see Figure
3.19), the effect of water ordering is likely to be much less than the extreme case

calculated by Yeh et al..

As shown above in Figure the rather large difference in the interfacial capac-
itance between the (100) and the (111) surface orientation, 2.45 uF cm™ versus
4.29 uF ecm™2, cannot be explained by the crystallographic orientation and the dif-
ferent energy dispersion. Considering that diamond is a highly symmetric crystal
composed of only one element and therefore a neutral bond between the atoms, it is
not surprising that the effect of accumulating charges with the potential along dif-
ferent directions leads in principle to the same results. However, the experimental
values for the interfacial capacitances of the (100) and the (111) direction are signif-
icantly different. This in turn suggests, together with the fact that the electrolyte
is the same for both orientations, that the difference in the interfacial capacitance
between the (100) and the (111) oriented surface has to result from differences in
the surface and interface itself. The primary difference between the (100) and the
(111) orientation is the related to the density and orientation of the C-H bonds (see
Section [2.2)). The (100) surface has hydrogen bond density of 1.57 x 10" cm~2, 10
% less than for the (111) surface (1.81 x 10" ecm™2). Additionally the C-H bonds
are tilted by 25° versus the surface normal for the (100) surface, resulting in overal
dipole moment of 1.32 x 1073 Asm - 10% lower than for the (111) surface - when
taking the dipole interactions into account [Mai0I]. The greater dipole density of
the (111) oriented surface could render the surface more polar, which in turn might
decrease the hydrophobicity [Gio07]. A diminished hydrophobic gap would then

result in a higher interfacial capacity. A systematic difference in the water con-
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tact angle between (100) and (111) oriented samples could not be observed within
the, admittedly high, margin of error for the measurements performed in this work.
However, the macroscopic contact angle is not always in direct relationship to the
nanoscopic hydrophobic gap [Mez10]. A higher dipole density might also lead to
a local electric field, resulting in an enhanced orientation of water molecules and
thus a smaller dielectric constant. This, however, would decrease the interfacial ca-
pacitance opposite to the observed results. The interplay between hydrophobicity
of a surface and the dielectric constant in its vicinity, which largely determines the
interfacial capacitance, is highly complex. On the one hand, the hydrophobicity
represents the inability of the interfacial water to form hydrogen bonds, leading to
the hydrophobic gap to preserve the hydrogen bond network of water. On the other
hand, the interaction with the surface leads to orientation of water molecules, also
diminishing the dielectric constant.

The average interfacial capacitance is 2.45 uF cm™ for the (100) orientation and
4.29 puF cm™? for the (111) orientation. If this difference were due solely to a dif-
ference in the hydrophobic gap, how large would that difference have to be? This
shift in the water density profile can be established with the nextnano simulations.
Here, a shift of 0.9 A of the water density profile closer to the diamond surface is
sufficient to increase the capacitance to the level corresponding to a (111) surface
orientation. For comparison, the difference between a hydrophobic and a hydrophilic

surface corresponds to a shift of 2.3 A using Figure m

Finally, the higher interfacial capacitance for the (111) surface might also simply be
a geometric effect due to a higher surface roughness. In principle the (111) surface
is known to be harder to polish and might therefore indeed show a higher surface
roughness. However, the surface roughness detected with an atomic force micro-
scope (AFM) for (100) and (111) oriented, optical grade samples did not show any
difference (see Figure [3.24)). Of course, the resolution limit of the AFM still leaves
the possibility of a different surface roughness on the nanometer scale for the (111)

and (100) oriented samples, but the effect of such a difference is likely to be negligible.

In conclusion, the study on the charge accumulation at the diamond/electrolyte

interface allows three major insights.

e The experimental data on the charge accumulation supports the SGFET model.
The change in conductivity is primarily due to variations of the carrier con-

centration with the gate potential.
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Figure 3.24: AFM images for a set of samples representing various categories. top
left: Electronic grade sample with “super” polishing. top right: Electronic grade
sample with polishing lines revealing the surface roughness induced by the mechanic
polishing. bottom left: Optical grade sample with a (100) orientation and polishing
lines. bottom right: Optical grade sample with a (111) orientation and polishing

lines.

e The interfacial capacitance is dependent on the orientation of the diamond

surface and independent of other factors.

e The interfacial capacitance can be explained quantitatively by assuming a

hydrophobic gap in the vicinity of the diamond surface.

For the nextnano simulations, effective masses calculated with the k-p method as
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well as the isotropic effective mass approximation were employed. Since the results
do not differ significantly, the much faster isotropic effective mass approximation is
sufficient to model the diamond/electrolyte interface for most purposes. The simu-
lations based on k-p calculated effective masses do, however, allow a more realistic
insight, e.g. into the subband structure of the hole channel. There is no agreement
in literature on the effective masses or Luttinger parameters for the diamond valence
band. Two parameter sets, one experimental, one theoretical, are tested against the
experimental data of the interfacial capacitance. Both parameter sets agree with the
experimental data. However, the experimentally obtained interfacial capacitances
cannot be accounted for without assuming a hydrophobic gap. This hydrophobic
gap consists of a region of diminished water density directly adjacent to the diamond
surface. This gap, with its low dielectric constant, dominates the interfacial capaci-
tance and explains the low capacitances found experimentally. The difference in the
interfacial capacitance between the (100) and the (111) oriented surfaces, however,

remains unresolved.

3.3 Electronic transport at the diamond /electrolyte

interface

3.3.1 Experimental Hall mobility and influences on elec-

tronic transport

The electronic transport in the surface-conductive channel is of fundamental as well
as practical interest, because an understanding of the mobility-limiting scattering
mechanisms opens the possibility for improvement or reveals physical limits to device
properties. In the course of this work, a range of potential influences and limita-
tions of the hole mobility were investigated. The complete set of measurements
for different diamond samples and the standard electrolyte are shown in Figure
.25 While the wealth of data is confusing, a general conclusion can be drawn,
which is supported by all measurements. Especially at high carrier concentration
the mobility converges to values between 30 and 90 cm? V~!s~!. This is in agree-
ment with previous studies on the mobilities in surface-conductive diamond, all of
which where actually performed not in electrolyte but with no gating [Jia99] [NebO1]
[Neb04] [Rez06] or with a metallic gate [Hirl0] [HirO8b] [HirO8a]. The mobility of
the holes in surface conducting diamond is thus greatly reduced from that measured
with the time-of-flight technique in bulk undoped samples [Ish02] [Nes08], which
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report drift mobility values of up to 3800 cm? V~!s~! for holes at room tempera-
ture. These record measurements were taken at negligible carrier concentrations, as
a consequence of the employed time-of-flight method. Nonetheless, the discrepancy
between the actually obtained mobilities and the limit shown by the time-of-flight
experiments motivates the search for the mechanisms limiting the mobility in the
diamond SGFETSs. Figure [3.25] also contains error bars for a selection of samples.
These represent the statistical error of the measured and averaged data points only
(for a discussion of systematic errors see Appendix and give an idea of the
error, especially for low conductivities.

In order to separate different effects, subsets of the data in Figure are discussed
in the following. CVD grown electronic grade (nitrogen concentration < 5 ppb;
boron concentration < 1 ppb) samples in comparison to CVD grown optical grade
(nitrogen concentration < 5 ppm) samples of (100) orientation are shown in Figure
[3.26] For almost all samples at any concentration of holes, the mobility for the
purer electronic grade samples is higher than that for the optical grade samples.
The samples differ also in their mobility dependence on the hole concentration.
While the optical grade samples show a mobility largely independent of the carrier
concentration (in the range of 30 to 90 cm? V~!'s™1) the mobility of the electronic
grade samples decreases with increasing carrier concentration. This leads to high
mobility values at low carrier concentration for the electronic grade samples of up
to approximately 400 cm? V~1s71

A comparison between (100) and (111) oriented samples with a similar content of
nitrogen impurities (optical grade and natural ITa samples) is shown in Figure [3.27]
As a result of the higher interfacial capacity of the (111)-oriented samples, these
data points start at a higher carrier concentration. At high carrier concentration,
the mobilities for the (100) and the (111) surface orientation are in the same range
of 30 to 90 cm? V~!s~!. However, in contrast to the (100) oriented samples, the
mobility decreases for the (111) oriented samples at low carrier concentrations. The
decrease of mobility for the (111) surface with decreasing carrier concentrations de-

pends on the individual sample.

Temperature dependent measurements

Temperature dependence is one of the most important characteristics usually em-
ployed to distinguish between different scattering mechanisms limiting electronic

transport. However, temperature dependent measurements in aqueous electrolyte
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Figure 3.25: Hall mobilities as a function of sheet carrier density for all samples
investigated, calculated from the sheet resistance and the sheet carrier concentration
(Figures and [3.7). Solid symbols represent optical grade samples with a (100)
orientation, open symbols depict optical grade samples with a (111) orientation.
Half-solid symbols are for electronic grade samples, all of which have a (100) orien-

tation. Open crossed symbols correspond to samples that fall in neither category.

are naturally very limited in range. Figure [3.28 shows temperature dependent mea-
surements in aqueous electrolyte for a number of samples at different hole densities.
No clear temperature dependences for all samples or certain categories such as (100)
or (111) oriented samples, or different concentration of nitrogen impurities, could be

established. Specific transport mechanisms will be discussed in Sections [3.3.2] and

B.3.3
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Figure 3.26: Subset of the samples in F' igure showing only (100) oriented sam-
ples with different nitrogen impurity content: electronic grade (half-solid symbols;
all blue) as well as optical grade and natural Ila (solid symbols; all green) diamond
samples. The solid line, representing a mobility dependence of ngl/ 3, is shown as a

guide to the eye.

pH dependence, ion sensitivity, and ion adsorption

The unique feature of the diamond SGFET is its electrolyte gate. Consequently, the
influence the electrolyte gate has on the electronic transport is of particular interest.
Previous studies have already shown that the surface conductivity is pH dependent
and ion-sensitive [Har07]. The mechanism underlying both effects is a pH-dependent
surface charge, which is partially screened by the electrolyte ions. The effect of this
surface charge, as well as ion specific effects on the electronic transport have been

investigated in this work.
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Figure 3.27: Subset of the samples in Figure showing only optical grade or
natural Ila samples with different surface orientations: (100) (solid symbols; all

green) and (111) (open symbols; all red) oriented diamond samples.

The pH of the electrolyte was changed starting from low pH by adding KOH to the
electrolyte solution, while keeping the ionic strength at 50 mM and the buffer con-
centration constant at 10 mM by adding appropriate amounts of water and H3POy,
to the solution (see Appendix for details). Figure shows the effect of pH
on the conductivity, carrier concentration and mobility. With increasing pH the neg-
ative surface charges increase, either by direct adsorption of hydroxide ions or via the
site binding model [Har08]. The increase in negative surface charge is compensated
by an increase in the hole accumulation. The pH dependence of the conductivity
is 20 mV/pH at -0.4 V gate voltage, in agreement with previous studies [H&r08|.
The pH dependence of the conductivity can be understood as a result of a change

in carrier concentration, as shown in Figure |3.29, which reveals that any change in
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Figure 3.28: Temperature dependent measurements of the sheet resistivity and the
Hall effect for electronic (S34a, S40a) and optical (S24a) grade samples in different

carrier concentration regimes (different gate voltages).

mobility is solely based on the pH dependent change in carrier concentration. This is
true for both the low and high carrier concentration regime investigated, where the
mobility-carrier concentration curve of the pH-dependent measurements (see Figure
right: green and red curves respectively) follows that of the gate potential-
dependent measurements of the same sample shown for comparison (see Figure [3.29]
right: black curve). Two conclusions can be drawn from these results: Firstly, the
proposed mechanism of the pH dependence as a change in surface charge, which is
equivalent to an effective change in the gate potential, is supported. The carrier
concentration increases with the pH, just as a change in the gate potential towards
more negative values would. Secondly, the pH dependent change in surface charge
seems to have no influence on the scattering mechanism limiting the hole mobility
in the diamond. Independently of the pH value, and thus the surface charge, the

mobility for a given carrier concentration stays the same.

The composition of the standard electrolyte was changed to look for any ion specific
effects on the electronic transport or ion adsorption. For this, a trivalent cation,

lanthanum La3*, was used to replace the monovalent sodium or potassium ions. Ini-
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Figure 3.29: pH-dependent measurements of the sheet resistivity, sheet carrier
density, and Hall mobility at two different carrier concentration regimes (different
gate potentials). The Hall mobility is shown as a function of the sheet carrier density
for both gate potentials and compared to a potential dependent measurement of the

same sample at pH 7 (black curve).

tially, the ionic strength was doubled from 50 to 100 mM, followed by a replacement
of the monovalent potassium cation with the trivalent lanthanum cation at equal
ionic strength. The resulting effects on the charge accumulation and transport are
presented in Figure The increase of the ionic strength, as well as the increase
of the cation valency both result in a negative shift of the threshold voltage towards
an open channel visible both in the conductivity and carrier concentration graph
(Figure 3.30). This can be explained with the Grahame equation [Har(7].

To preserve charge neutrality, the sum of the charge in the diamond ng, the charge
at the diamond surface g, ¢, and the diffuse counter charge in the electrolyte gqiy,
must be zero: n + gsurf + gaif = 0. The Grahame equation links the diffuse charge
to the diffuse potential ;¢ [Har07):

1/2
—2iF'pai
de’f = —Ng — q$ur‘f = 4/ 2€0€RT (Z cmxp%) 5 (317>

where € is the dielectric constant of the electrolyte and ¢; is the concentration and

z; the valency of the ion species i. The Grahame equation describes the screening
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Figure 3.30: Ion sensitivity
density, and Hall mobility for

two different ion valencies (K and La*").

effect from the electrolyte ions according to their concentration and valency. For the
situation at pH 7, a negative surface charge has been deduced [Har07]. The increase
in the ionic strength I = >, ¢;27 will therefore increase the diffuse charge, and thus
screen the surface charge more effectively. As a result, the charge in the diamond
hole channel decreases. This explains the observed shift in the threshold voltage
for increasing ionic strength. The shift in the threshold voltage for the exchange of
the cation is more complex. The exponential term in the Grahame Equation [3.17]
is decreased, when increasing the (positive) valency. However, at the same time,
the concentration of the anion is increased as well, and therefore it is not apparent
whether the sum term in the Grahame equation increases or decreases overall. This
depends on the salt concentration range investigated. In the concentration range
investigated in Figure [3.30] (100 mM), it has been shown, that an increase in the
cation valency leads to an increased screening [Har(Q7] of the negative surface charge.
The negative surface charge contributes to the hole concentration to preserve charge
neutrality, thus the increase of the cation valency and the corresponding increase
in screening leads to a decrease in the hole concentration. This then explains the

shift in the threshold voltage for the exchange of the cation. As seen in the mobility
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graph of Figure [3.30] neither the increase of the ion concentration, nor the increase
in valency of the electrolyte has any effect on the electronic transport in the surface-

conductive channel.

In order to further investigate the potential influence of charge centers at the di-
amond surface on the surface conductivity, poly-L-lysine (PLL) was used as an
adsorbant. Poly-L-lysine is a polymer of the amino acid lysine that carries a pos-
itive charge at pH 7, and has been shown to adsorb on diamond surface [Kuc03].
A concentration of 0.01 mg/ml poly-L-lysine was added to the electrolyte. Subse-
quently the concentration was increased by a factor of ten to 0.1 mg/ml. The Hall
effect measurements before and after each step are shown in Figure [3.31] The ini-
tial poly-L-lysine (concentration of 0.01 mg/ml) added leads to a clear shift in the
threshold voltage of the sheet conductivity and carrier density graphs. This shift of
40 mV is in the negative direction, towards an open channel, as the positive charge
of the PLL decreases the hole concentration. The observed threshold voltage shift
corresponds to a change in surface charge of 0.11 £C em™2. A further increase in the
PLL concentration to 0.1 mg/ml has no noticeable effect, indicating that the lower
PLL concentration was sufficient to cover the diamond surface with adsorbed PLL.
Beyond the shift in the threshold voltage a decrease in the interfacial capacitance
from 2.7 to 2.2 uF cm™2 can be observed. The opposite would be expected from
changes of the dielectric constant in the vicinity of the diamond surface, as the PLL
is adsorbed at the diamond surface and therefore occupies the hydrophobic gap.
A change of the dielectric constant in the hydrophobic gap from 1 for the vacuum
dielectric constant, to the higher value of a PLL layer, would increase the overall
interfacial capacitance. However, the transport properties with the adsorbed PLL
at the diamond surface correspond to those of the clean surface (see Figure [3.3]]
right), and are thus not affected by the additional PLL charge.

Partially oxidized surfaces

In order to artificially induce surface potential fluctuations to the diamond sur-
face and detect potential effects on the electronic transport, diamond samples were
partially oxidized with ozone, as described in Section [2.2.3] The electron affinity
changes drastically between hydrogen-terminated and oxygen-terminated diamond
(see Section and, accordingly, a partial oxidation of hydrogen-terminated dia-

mond should create big surface potential fluctuations and coexisting conducting and
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Figure 3.31: Ion adsorption measurements of the sheet resistivity and the Hall
effect for different concentrations of poly-L-lysine (PLL). Crosses indicate single

data points taken directly after a concentration increase.

non-conducting regions at small length scales.

The samples were oxidized in steps corresponding approximately to reductions in
conductivity of about 10% to 20%. With a total of two to three steps the sample
is thus still in a range representative of normal operation, that is in the linear
range of the conductivity-gate potential dependence. A total of eight samples were
investigated. All samples showed a shift in the threshold voltage toward an open
channel. This is the expected behavior, as the partial oxidation should shift the band
edges toward more positive values (see Section and therefore shift the onset of
charge accumulation and conduction. The behavior of the mobility is more complex.
Some samples show a systematic decrease of mobility, some almost no effect on
mobility, and some samples even show an initial increase of mobility. Categorizing
the results according to either surface orientation or nitrogen impurity concentration
does not lead to completely consistent results. However, those samples that do show
a consistent decrease of mobility with each oxidation step also show a slight increase
in the interfacial capacitance in addition to the shift in the threshold voltage (see
e.g. Figure . Figure m shows a representative example of the second type

of behavior observed. Here, the mobility exhibits an initial increase, which can
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be either followed by a decrease (Figure , or a slight further increase, or no
further effect on mobility. In this second type of sample no change in the interfacial
capacitance can be observed.

The two (111) oriented samples measured, both show a systematic decrease of mo-
bility with each consecutive oxidation step (first type of sample). One (100) oriented
sample (S21, [Stii08]) also shows a decrease of mobility with each oxidation step,
similar to the (111) oriented samples. Most of the (100) oriented samples show an
unsystematic behavior for each individual sample, with the mobility increasing or
showing no change with each consecutive oxidation step (second type of sample). A
systematic difference between the (100) oriented electronic grade and optical grade
or natural ITa samples could not be observed.

Beyond creating surface potential fluctuations by locally changing the electron affin-
ity of the surface, the partial oxidation is also expected to introduce hydroxide groups
at the surface. Such hydroxide groups are thought to be responsible for the pH sensi-
tivity of the hydrogen-terminated diamond surface, as their charge is pH-dependent
[Har07]. The surface charge thus introduced is negative at pH 7 and therefore in-
creases the hole accumulation in the diamond. This surface charge and therefore
the pH dependence does not continually increase with surface oxidation, but seems
to reach a maximum [H&r08]. Therefore, in principle, the partial oxidation of the
hydrogen-terminated diamond surface can be expected to lead to both surface po-
tential fluctuation based on the electron affinity and additional surface charge.

The experimentally observed change in the threshold voltage supports the model
described in Section While the experimental results are not completely system-
atic, the mobility in some samples (both (111) oriented samples and sample S21)
seems to be limited by scattering mechanisms introduced or increased through par-
tial oxidation. For this first type of samples it seems likely that this limitation does
not start with the first oxidation effect, but is already limiting the mobility in the

initial state.

3.3.2 Scattering mechanisms

An electric field accelerates the charge carriers and would do so infinitely, if these
carriers would not experience scattering. The increase in current due to the electric
field and the decay of that current due to scattering quickly reach a steady state
situation reflected in the conductivity of the material. Any limit to the mobility is
then only due to scattering, thus raising the question which mechanisms are respon-

sible. There are a multitude of mechanisms resulting in the scattering of carriers
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Figure 3.32: Measurements of the sheet resistivity and the Hall effect of a (111)

oriented, optical grade diamond sample (S26a 111 op) after consecutive partial oxi-

dations of the hydrogen terminated diamond surface with ozone. The given oxidation

times are the accumulated oxidation times.

and usually more than one will be active in a given material.

However, usually

one mechanism will be mainly responsible for limiting the conductivity, dominating

other mechanisms. As the mobility is dependent on the mean free time between

scattering events,

this is reflected in Mathiessen’s rule [B6e02]:
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(3.18)

(3.19)

So far the Hall mobility of the holes in the surface-conductive channel on hydrogen-

terminated diamond has been only investigated in dry state (in vacuum or air) or

with a metal gate, but not with an electrolyte gate. Beyond these contributions, we

will also borrow from studies of the mobility in diamond not based on the surface

conductivity but e.g. on doping with boron. Furthermore, many theoretical aspects

of mobility in general and especially the mobilities of two-dimensional systems have

been developed for silicon-based structures and especially the Si/SiOs system.
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Figure 3.33: Measurements of the sheet resistivity and the Hall effect of a (100)
oriented, electronic grade diamond sample (S34a 100 el) after consecutive partial
oxidations of the hydrogen terminated diamond surface with ozone. The given oxi-

dation times are the accumulated oxidation times.

In the following, we will discuss several scattering mechanisms to explain the trans-
port in the quasi two-dimensional hole channel in diamond:

Acoustic phonon scattering is present in any conductor [Shob53] [B6e02]. With in-
creasing temperature the number of lattice vibrations increase. At any given point
in time this results locally in a slight increase or decrease of the lattice constant,
which corresponds to a change in the band gap and thus the energy-band boundaries
(see e.g. the "tight-binding method”). Consequently, these so-called deformation po-
tentials influence the kinetic energy of a traveling electron wave and therefore give
rise to reflections of the electron waves at these discontinuities. Calculations for
two-dimensional charge accumulation as in the diamond surface conductivity yield
the following proportionality for the mobility, in terms of sheet carrier density ng
and temperature 7' [And82, p.510] [Dav98| p.365]:

poc ng AT (3.20)

This is in contrast to the more commonly used result for a three dimensional system,
where the mobility is proportional to 773/ and independent of the carrier density

[Boe02]. Optical phonon scattering is not relevant for this work, as the Debye
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temperature in diamond (2240 K) is far from the temperatures where diamond
SGFETs can be operated, and the number of phonons decreases exponentially below
approx. 30% of the Debye temperature (600K) [Isb09].

A second very common scattering mechanism arises from ionized impurities in the
crystal [Shob3] [B6e02]. In a particle picture, the charge carriers are deflected by
other charges within the conductor lattice. For the diamond SGFET we differentiate
between three different sets of charges. First, there are the background ionized
impurities within the diamond lattice. These are dominantly substitutional nitrogen
impurities, which are ionized due to the band bending in the diamond SGFET.

3D

imp,i results in a

According to [Dav98| p.362] such a background impurity density n
mobility of:

eTmos  27H3(2mng)32 [ 2e0€s \ 2
[limp = —2= &2 5 3DS) ( - ) (3.21)
Mads mdsnimp,i €

Hence, the mobility pimp; due to ionized impurity scattering centers varies with
ng/ ®. This is in contrast to the three dimensional case, where bulk ionized impurity
scattering leads to a T%2n~! dependence [B6e02, p.118]. Secondly, the ions in the
electrolyte form an idealized plane of charge, which compensates the hole charge in
the diamond. Such a plane of charge at a distance d from the two-dimensional hole

charge results in a scattering rate given by [Dav98| p.358]:

1 Mgs ( o2 ) 2 /2kF e—2ald| ( b ) 6 ¢*dq
— = Ncharge
T harg 23k \ 206, o (@+qrrG(q))* \b+q 1—(q/2kr)?

(3.22)
ith G(g) = » 2( b )3+3< b )2+3< b ) (3.23)

wi = - — — — .

D=5 1“\b1q b+q b+q
33maee?ng\ /?
d b= (22N Ns ) 24
o ( 8h2epe, ) (3:24)
— mdse2

ATF = Gpcoe 72 is the Thomas-Fermi wavenumber. kr = +/27ng is the Fermi wavevec-
tor. The parameter b is part of a trial function used as a starting point to solve the
coupled Schrodinger and Poisson equation discussed in Section [3.2.2] [Fan66] [Ste72]

[Dav98, p.348]. For the scattering rate 7, for ions in the electrolyte, nepgrge is given
2D

on?

by the ion density n |d| is the distance of the ions from the interface, i.e. the

separation of the Helmholtz plane, and in a first approximation, the dielectric con-
stant €, amounts to the average between that of the semiconductor and that of the
electrolyte (esc + Eelectrolyte)/2 [FlSQSJ

Thirdly, surface charges are believed to be present at the diamond surface, constitut-

2D 2D

ing a second plane of charges with a charge density ni. In this case, neparge = niy,
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€ & €, and d = 0 for the calculation of the scattering rate 7,;. The difference with
respect to the plane of charges formed by the electrolyte ions is not only a different
distance from the hole channel but also that the amount of these charges remains
constant, whereas the charges in the electrolyte vary with the charge density in the
diamond (assuming a constant interface charge). With this modification, Equation
for the scattering rate can be applied. While, according to Equation [3.22] the
exact dependence on the carrier concentration is complicated (see Figure for
the exact dependence), it can be approximated with a n?g/ 2 dependence given that
the amount of impurity charges is fixed [Dav98, p. 359]. In both cases, with a fixed
amount of impurity charge and with an amount of impurity charge dependent on
the carrier concentration, the mobility is independent of temperature, according to
Equation [3.22]

Dislocations are a frequent lattice defect in natural and CVD grown diamond [Fuj06].
In CVD grown diamond dislocation bundles are usually aligned with the direction
of growth [Fri09]. Depending on the position of the Fermi level, these dislocations
can introduce defect states that may become charged. These charges can then be
screened by free carriers, thereby forming a cylinder along the dislocation with a
radius equal to the Debye length. For the scattering at such a charged cylinder the
mobility has been calculated to be proportional to the temperature and independent
of the carrier density [B6e02, p.121]:

o T (3.25)

As the hole accumulation layer rests closely below the surface, surface roughness
scattering needs to be considered as a limitation to electronic transport. The theory
was originally developed for silicon inversion layers and yields a mobility proportional

to the inverse squared of the carrier concentration [And82 p.505] [B6e02, p.360]:
pox ng? (3.26)

Scattering due to neutral lattice defects is one of the few mechanisms that results

in a temperature and charge density independent scattering rate [Erg50]:

8megEp
- = 3.27
Himp.n QOnfrEp,nﬁe ( )
where n30 | is the neutral impurity density, and Ejp is the impurity ground state

binding energy. The scattering rate has been calculated in analogy to the scatter-
ing of electrons by hydrogen atoms with a scattering cross section modeled with an

equivalent Bohr radius for the impurity [B6e02, p.123]. Thus, a number of different
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defects could potentially induce this scattering mechanism in diamond, such as va-
cancies, hydrogen atoms incorporated in the diamond lattice, point defects, or not
ionized nitrogen related defects.
A more general mechanism leading to an increase of mobility with increasing carrier
concentration was proposed by Arnold to explain data for certain samples in silicon
inversion layers [Arn74] [Arn76] [And82, p.520]. According to this model, long-
range potential fluctuations at the hydrogenated diamond surface lead to coexisting
areas with the valence band below and areas with the valence band above the Fermi
level. As there are no holes in the regions where the Fermi level Er is above the
valence band Ey, these regions are insulating. Conduction can then take place
around the non-conducting regions, or with sufficient temperature activation over
the non-conducting regions. Therefore the conductivity can be described as:

o (Ep) = oi(Er) ~ O'C(EF)(E% for By < Ep (3.28)

o.(Er) for By > Erp

where o; is the conductivity of the insulating regions, and o.(EF) is the average
conductivity of the metallic regions. However, if the inhomogeneities are small with
respect to the sample size, effective medium theory can be employed, to give an
effective conductivity o, [Kir71] [AdkT79):

os(Er) = %(1 —2p)(o. — 0y) + \/i(l —2p)2(0. — 0;)* + 0.0; , (3.29)

where p is the insulating fraction of the whole surface. If the conductivity of the
conductive regions is much greater than that of the insulating regions, effective

medium theory predicts the Hall mobility ug to be equal to the effective mobility

Hs:

os(F
[ = s = o:(Er) (3.30)
ne

The percolation mechanism therefore leads to a temperature activated conductivity
and mobility, whereas the carrier concentration is not affected by the temperature.
The activation energy decreases with increasing carrier concentration. As a conse-
quence the conductivity and mobility increase with increasing carrier concentration

at a given temperature [Arn76].

3.3.3 Discussion

The highest mobilities of surface conducting diamond are reached for electronic grade

samples. In earlier reports on surface-conductive diamond, the highest mobilities
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Figure 3.34: Theoretical mobility dependences on the sheet carrier concentration
for the different scattering mechanisms described in the text. Note that the depen-
dences are given for a two-dimensional carrier accumulation and are different in the
three-dimensional case. [Lsurf. charge plane (blue) shows the dependence for ionized im-
purity scattering introduced by a plane of constant charge (1 and 5 x10'® cm™2) at
the diamond surface. [Lions plane (green) illustrates the dependence for ionized impu-
rity scattering induced by a plane of charge equal to the sheet carrier concentration
at a distance of 0.75 nm from the surface, such as the electrolyte ionic charge com-
pensating the holes in the diamond. [iion. backgr. imp. (Purple) shows the dependence
for ionized background impurity scattering, such as the charged nitrogen impuri-
ties in the diamond crystal. figcc. phon. (red) illustrates the dependence for acoustic
phonon scattering. fisurface roughness (dark yellow) shows the dependence for surface
roughness scattering. fineuwra (black) depicts a constant mobility, such as applicable
for e.g. neutral lattice defects or dislocation scattering. The mobility dependence
for the percolation model is not depicted, as it depends on temperature and details

of the potential fluctuation profile.
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have usually been attributed to acoustic phonon scattering [Neb01] [Neb04] [Rez06]
[Hir10] [HirO8b]. Though this has often been done without a clear dependence on

temperature or carrier concentration.

The transport in boron doped samples has been studied more extensively and can
be compared with some limitations to the surface-conductive transport in this work.
Although the generation of carriers is achieved with a different mechanism, the holes
in boron doped samples still have to travel through the same diamond lattice, and
thus scattering induced by the diamond lattice can be compared. In order to prop-
erly compare these two systems, it is necessary to compare them at the same carrier
concentration and in the same temperature range. In the surface-conductive channel
the vast majority of carriers is located within a thickness of 1 nm. Taking this into
account, sheet carrier densities between 1 x 10'3 cm~2 and 5 x 10! em™2 correspond
to volume densities of 1 x 10%° cm ™3 to 5 x 10'® cm ™3, respectively. Studies showing
a mobility dependence consistent with acoustic phonon scattering tend to have lower
carrier concentrations [Hat99] [Ter06] at room temperature (of course the ionization
of the boron donors is temperature activated), but can also reach into the carrier
concentration regime [Tsu(6] relevant for the surface-conductive channel. The ab-
solute value of the mobility in these studies is higher (approx. 10® cm? V! s7!)
than that observed for the surface-conductive channel. However, since the mobility
decreases with increasing carrier concentration, extrapolating this mobility depen-
dence to carrier concentrations relevant for the surface-conductive channel leads to
mobility values in the range to those experimentally observed [Isb09]. Some of this
data, that has been attributed to acoustic phonon scattering shows a deviation from
the theoretically predicted T-3/2 dependence for the three dimensional case (e.g.
[Ter0a]).

In studies on the drift mobility of holes in diamond, acoustic phonon scattering has
also been suggested to explain the mobility dependence on temperature around room
temperature [Nav80] |[NesO8]. Again, the mobility is higher than for the surface-
conductive channel, most probably due to the much lower carrier concentration

obtained in the time-of-flight experiments employed for these studies.

For two-dimensional conductive channels in general, the mobility is theoretically
predicted to show a p oc n~'/3T~1 dependence in case of acoustic phonon scattering
(see Equation [3.20) [And82, p.510] [Dav98, p.365]. The line for u oc n~/3 shown

in Figure [3.26] corresponds well to the mobility dependence of the electronic grade
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samples.

However, the temperature dependent mobility measurements (see Figure show
an increase of mobility with temperature especially at low carrier concentration and,
thus, in the regime where acoustic phonon scattering should dominate. The increase
for sample S40a at Ug = —0.1 V yields a temperature dependence of p oc T'! (see
Figure , in clear contradiction to the predicted temperature dependence for
acoustic phonon scattering. However, comparing the carrier concentration depen-
dent mobility with literature data, the case for acoustic phonon scattering is strong
and the temperature measurements need to be scrutinized. The temperature de-
pendent measurements in electrolyte are statistically much less confirmed than the
carrier concentration dependent ones. Systematic errors might lead to misleading re-
sults in the temperature dependent measurements in electrolyte as well. An increase
in temperature for example, decreases the ordering of water molecules and could thus
lead to an increase in the carrier concentration. Such changes would not affect the
mobility directly, but result in a change of the dependence of carrier concentration
and thus mobility on temperature. However, this should affect all samples equally
and independently of the carrier concentration range, which is not the case, as some
samples show a slight mobility decrease with temperature. Figure supports this
point by showing the temperature dependent mobility-carrier concentration data in
comparison to the gate potential dependent data of the same samples. The mobil-
ity shows a steeper mobility dependence on the carrier concentration in the cases
when the temperature was varied as opposed to the data acquired by a variation of
the gate potential. This indicates that the mobility is affected independently of the
carrier concentration by the temperature variation. Overall, the temperature de-
pendent data contradicts acoustic phonon scattering, but is not conclusive. As the
behavior of the interfacial water is not sufficiently understood, temperature based
experiments based on non-aqueous and/or solid electrolytes might yield more useful
results, as their temperature range is higher and their behavior with temperature
less complex (see outlook in Chapter @ Finally, it should be noted that the theoret-
ical mobility values predicted for acoustic phonon scattering in the two dimensional
case are about a factor ten higher than those experimentally observed. This has also
been observed for measurements similar to ours at the interface between silicon and
an acetonitrile based electrolyte [Tar85]. It was suggested that the approximations
made fail at high carrier concentrations, and that the deformation potential for the
phonon-scattering must be expanded one order higher [Ben90b]. This has a huge

effect on the mobility values predicted, which are then up to a factor of ten lower
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Figure 3.35: Hall mobility as a function of sheet carrier density comparing data
acquired by a variation of the gate potential (open symbols) with data acquired by
a variation in temperature (solid and half-solid symbols) from Figure for three

samples.

than formerly predicted [Ben90b].

Alternatively, the mobility dependence on carrier concentration observed for the
electronic grade samples (Figure [3.26)) could also be explained by ionized impurity
scattering, in particular by considering the effect of the electrolyte ions. In a first
approximation, the electrolyte ions form a charge plane some distance away from
the surface-conductive channel. Neglecting the presence of any additional surface
charge, the charge density from these ions corresponds to the charge density in the
diamond, satisfying the charge neutrality condition. According to Equation the
combination of these remote ionized impurities results in a mobility dependence on
the carrier concentration as shown in Figure [3.34 This mobility dependence is the
result of two opposing trends: On the one hand, the scattering by the remote ionized
impurities increases with increasing hole concentration. This dominates the behavior
at low hole concentrations. On the other hand, the screening of the remote ionized
impurities increases with an increasing hole concentration, dominating the behavior
at higher hole concentrations. As opposed to the bulk ionized impurity [B6e02],

the scattering from remote ionized impurities does not lead to any temperature de-
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pendence. A different analysis [Shi76], however, building on work by [Ste67] does
produce a temperature dependence predicting an increase of mobility with temper-
ature [B6e02, p.360]. In this respect, the mobility dependence predicted by remote
ionized scattering fits the experimental data better than that by acoustic phonon
scattering. Furthermore, some of the electronic grade samples show a saturation
of the mobility decrease with carrier concentration at high carrier concentrations.
This can not be explained with acoustic phonon scattering, but could be indicative
of the screening of remote ionized impurities becoming dominant, as predicted by

the theoretically calculated mobility dependence for this case (see Figure [3.34).

While both acoustic phonon scattering and ionized impurity scattering can repro-
duce the carrier concentration dependence, the temperature dependent measure-
ments supports ionized impurity scattering as the mobility limiting mechanism.
Additionally, the saturation of the mobility decrease at high carrier concentration
favors remote ionized impurity scattering as an explanation. The literature for di-
amond generally favors acoustic phonon scattering, but the studies on the surface
conducting diamond are very limited and no studies investigate the electrolyte gated
surface conductivity. In this situation we conclude, that the overall data is more

supportive of ionized impurity scattering.

The mobility for (100) oriented optical grade samples in Figure [3.26] shows almost
no dependence on the hole concentration. One of the few scattering mechanism
which shows such a dependence is scattering by neutral lattice defects. Scattering
by neutral impurities has been invoked to explain the behavior of some boron doped
samples at room temperature [[sb09], however, it is generally deemed to be only rele-
vant at very low temperature [B6e02] [Sec04]. The optical grade samples do contain
a higher number of nitrogen impurities (ppm range) as opposed to the electronic
grade samples, but as a result of the band bending these impurities are expected
to be ionized. However, other neutral lattice effects such as point defects, hydro-
gen atoms incorporated during growth, or other not ionized nitrogen related defects
might still be concentrated enough to dominate the scattering of optical grade (100)
oriented samples. Especially in the absence of other explanations for the carrier
concentration independent mobility, the prominence of such neutral lattice effects
should be investigated. In order to explain the different mobility dependence be-
tween electronic grade and optical grade samples, such neutral lattice defects would
have to be linked to the concentration of substitutional nitrogen impurities or to

differences in the growth conditions.
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Scattering at dislocations also yields a carrier density independent mobility, which is
proportional to temperature (see Equation . The experimental data for exam-
ple for sample S24a at Ug = —0.4 V for the high carrier concentration regime, where
the mobility is constant with carrier concentration, does not show this temperature
proportionality (see Figure . In CVD grown samples where the dislocations
should predominantly be parallel to the growth direction [Fri09], one would expect
a smaller effect for the (100) than the (111) surface orientation. The (111) oriented
samples however do not show a carrier density independent mobility, although this
could be masked by other scattering mechanisms. Finally the theory for disloca-
tion scattering has not yet been adapted to the two-dimensional case, which might
be necessary, as it effectively also involves scattering at the charges trapped at the
dislocations. For an investigation of the relevance of dislocation scattering more
information on the dislocation density in individual samples or sample groups need
to obtained as well. One sample with a "low” dislocation density according to the
supplier (Element Six Ltd.) showed no discernible difference in its transport prop-
erties, indicating that dislocations do not limit the mobility. However, the supplier

did not provide any absolute or relative numbers as to the dislocation density.

The carrier density dependence of the mobility for (111) oriented samples is markedly
different from that of the (100) oriented samples. Figure [3.27 shows an increase of
the mobility with increasing carrier concentration for the (111) oriented samples.
This trend is not equally strongly exhibited for all samples. A scattering mechanism
that shows such as dependence is for example ionized impurity scattering, in this
case with a constant density of ionized scatterers. Assuming a charge at the diamond
surface of 9 uC cm=2 or 5 x10'3 cm ™2, the predicted mobility increase with increasing
carrier concentration is similar to the experimental results (see Figure . Surface
charges of such a value have been deduced from measurements of the ion sensitivity
of hydrogen terminated diamond and the electrolyte screening [Har(7]. However,
this can not explain the differences in the dependence of the mobility on carrier
concentration for the individual samples: different values for the surface charge will
lead to a different range of mobility, but not to a more or less strong dependence
on the carrier concentration. Furthermore, the studies that deduced the surface
charge from the ion sensitivity did not differentiate between the surface orientation
[Har07] [Dan08] [Hau08]. It is therefore not possible to confirm whether the (100)
oriented surface shows a lower surface charge of e.g. 1 x10' ecm~2. This would be

necessary to explain the higher mobilities for the (100) surfaces. Finally, we have
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observed that a change in pH does not lead to a change in the mobility dependence
(see Figure [3.29)), although a change in pH changes the surface charge significantly
[Har07]. Therefore, the data does not support impurity scattering resulting from the

surface charge as a cause for the mobility dependence of the (111) oriented samples.

As discussed in Section [3.3.2] the percolation model of Arnold predicts an increase of
mobility with carrier concentration [Arn76] [And82]. This model also predicts a tem-
perature activated mobility as carriers are excited over the prohibited regions. Some
of the (111) oriented samples indeed show a temperature activation of the mobility -
e.g. sample S6d shows a p o< T dependence and a conductivity dependence in this
range (see [Stii08, p.62]). Although this temperature dependence does not quanti-
tatively match the one predicted by Arnold (see Equations and . For the
percolation mechanism to lead to an increase of mobility with carrier concentration,
one has to assume large potential fluctuations, as the potential range over which the
carrier concentration is changed in the diamond samples is in the range of several
100 meV. In such a case, however, the predicted temperature dependence should be
marginal compared to the effect when the carrier concentration is controlled with
the gate bias. In the temperature range available for investigation in electrolyte (7-
80 °C), the change in kT is equal to 6.4 meV, which is orders of magnitude smaller
than the potential change induced with the gate bias. Therefore, the basic the-
ory should still be valid with a negligible temperature dependence. A non-perfect
hydrogen termination, as well as surface damage induced for instance by surface pol-
ishing could all give rise to the surface potential fluctuations that are required in the
percolation theory of Arnold. Different surface potential fluctuations could explain
the experimentally observed difference in mobility dependence between the (100)
and the (111) surface orientation. In case for an imperfect hydrogen-termination
this seems unlikely, as one would expect a corresponding systematic difference in
threshold voltage, which is not observed in (111) versus (100) samples. However,
the partial oxidation with ozone leads to a distinct behavior of the (111) oriented
samples, whose mobility systematically decreases with each oxidation step (see Fig-
ure . This indicates, that the mobility of the (111) oriented samples might
indeed be limited by surface potential fluctuations. Surface damage could well be
dependent on the surface orientation, e.g. in the form of higher surface roughness.
Atomic force microscopy measurements have not revealed any difference in the sur-
face roughness between (111) and (100) samples, but the resolution of this technique
only allows to investigate effects on a scale of several nanometers. In conclusion, the

percolation model based on surface potential fluctuations is not contradicted by the
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experimental data, and can explain the increase of mobility with carrier concentra-
tion. However, further experimental evidence would be necessary to verify that this
mechanism is indeed responsible for the mobility dependence of the (111) oriented

samples.

Other scattering mechanisms could in principle be applicable to the transport in
surface-conductive diamond.

Scattering from ionized background impurities, such as nitrogen, is certainly con-
tributing to the hole transport, but should not be the dominant scattering mecha-
nism considering its predicted mobility dependence and range. As a result of band
bending, all substitutional nitrogen impurities should be ionized in the vicinity of
the surface, where the conducting holes are confined, resulting in a maximum con-
centration of 5 ppm for optical grade samples. To investigate the influence of ionized
impurity scattering, one sample of Ib grade with a very high nitrogen impurity con-
centration of 200 ppm was investigated. The mobility of this sample is significantly
lowered with a maximum of about 10 cm? V™! s7! (see sample S39b 100 in Figure
. While the scattering of the data is too high to derive any clear mobility depen-
dence, this dramatically lowered mobility should be a result of ionized background

impurity scattering.

Considering that the conductive channel rests only about a nanometer beneath the
surface, surface roughness scattering needs to be considered. A surface roughness
scattering limited mobility is predicted to depend on the carrier concentration fol-
lowing p o< n;? [B6e02], a dependence which is not observed for the samples in-
vestigated in this work. However, surface roughness scattering is often invoked to
explain the limitation of mobilities at high carrier concentrations [Hir10] [HirO8b].
The surface roughness of the samples investigated was studied with atomic force mi-
croscopy measurements. Two categories can be distinguished, polished samples with
polishing lines and a rms roughness of 0.2 to 0.8 nm, and so called super-polished
samples that show a rms roughness of 0.1 nm and no polishing lines. The polishing
has been provided by the "Element Six Ltd.” and "Diamond Detectors Ltd.” (for the
super-polished samples) and both companies do not reveal their polishing methods
in detail. However, it can be assumed that the polishing lines result from purely me-
chanical surface treatment, leading to subsurface damage, while the super-polished
samples might involve additional dry etching with an inductively coupled Ar/Cl

plasma, removing this subsurface damage [Eri09]. Electronic grade samples with
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both polishing methods have been investigated and no difference in their mobility
dependence could be observed. S33b and S32b are normal polished electronic grade
samples, while S34b/S34a, S35b, S40a, and S41a are super-polished electronic grade
samples (see Figures for the mobility dependence and for representative
AFM images, respectively). Additionally, differences in conductivity parallel and
perpendicular to the polishing lines have been investigated at carrier concentrations

of around 1 x10* c¢m—2

in a greek cross configuration. However, the anisotropy in
conductivity was less than 5% even when taking out measurements which showed
a larger difference in both directions, which can be attributed to differences in the
contact resistance. In van der Pauw Hall effect measurements any anisotropy in
mobility would not prevent a quantitatively correct result for a homogeneous car-
rier concentration [Bie04] [Bie08]. The measured resistivity would correspond to the
average resistivity. Hall measurements would therefore not reveal any difference in
mobility. While surface roughness scattering due to the polishing lines of the sam-
ple surfaces can be excluded, surface roughness on a smaller scale (1 nm) could still
become the limiting scattering mechanism at very high carrier concentration. To
properly investigate this, much higher carrier concentrations need to be reached at

which surface roughness scattering is expected to dominate. This could be done, for

example, by employing non-aqueous electrolytes as gates (see outlook in Chapter [7)).

In conclusion, the surface orientation and the nitrogen impurity concentration both
influence the electronic transport in the hole accumulation layer at the diamond/
electrolyte interface. The mobility as a function of the sheet carrier concentration

shows three distinct characteristics, depending on the sample category:

e (100) oriented, electronic grade samples show a decrease of the mobility with
increasing carrier concentration, exhibiting a nl/? dependence. Either acoustic
phonon scattering or remote ionized impurity scattering from the electrolyte
ions could explain such a dependence. The experimental data, notably the
temperature dependent measurements, is more supportive of remote ionized
impurity scattering, although it is far from conclusive. Additional measure-
ments with a greater temperature range seem best suited to test the different

scattering mechanisms.

e (100) oriented, optical grade samples show a largely constant mobility with car-
rier concentration. Scattering by neutral lattice defects or dislocations shows

such a dependence. There are a number of potential sources of neutral lattice



3.3. Electronic transport at the diamond/electrolyte interface 107

effects, e.g. neutral nitrogen impurity-related defects, hydrogen incorporated
in the diamond lattice, or vacancies. However, the concentration of these scat-
tering sources in optical grade samples has yet to be shown to be sufficient for
the mobility ranges observed and much smaller in electronic grade samples.
Alternatively, dislocation scattering should be tested, employing samples of

different surface orientations, whose dislocation density has been determined.

e (111) oriented, optical grade samples show an increase of the mobility with
increasing carrier concentration, whereby the rate depends on the individual
sample. A model based on a percolation mechanism is best suited to explain
the currently available data, though it is not conclusive. The percolation
model is based on the assumption of surface potential fluctuations. In order
to be consistent with the data, these fluctuations have to be more prevalent
or pronounced on the (111) oriented surface, as opposed to the (100) oriented
surface. The data from partially oxidized samples supports the model in that
respect. A more controlled surface chemistry and surface morphology ("super
polishing”) of the (111) oriented samples would be required to confirm this

model.

The variations in the electrolyte composition, such as pH, ionic strength and va-
lency, and ion adsorption, left the mobility behavior largely undisturbed. This is
noteworthy, as the electrolyte gate is in direct contact with the diamond surface in
the SGFET configuration. We conclude that the mobility is therefore determined
by the quality of the diamond crystal and its surface.






Chapter 4

Applications of solution-gated field

effect transistors

This chapter presents several applications of the SGFET principle. Initially, the pH
sensitivity of the diamond SGFET transistor will be introduced as a basic application
and an illustration of the SGFET concept [Dan0§|. This concept is then transfered
to non-aqueous electrolytes in the second section [Danl2]. Finally, the diamond is
replaced by an alternative carbon based material, the much-hyped graphene, to form
graphene based SGFETs [Danl0].

4.1 The pH sensitivity of diamond SGFET'Ss

The pH sensitivity of diamond SGFETSs has been studied by several groups [Gar05),
Son06, Neb06l, Rez07]. However, there had been no agreement about the value or
even the sign of the pH sensitivity of the surface conductivity of hydrogen-terminated
diamond. Initially, Kawarada et al. have reported that hydrogen-terminated dia-
mond surfaces are not pH sensitive [Kaw01]. Later on, it was shown that the intro-
duction of certain groups at the surface of hydrogen-terminated diamond resulted in
a pH sensitivity, and that a decrease of the pH resulted in a decrease of the surface
conductivity [Gar05] [Son06]. Several models have been suggested to account for this
pH sensitivity. These reports initiated some controversy, as the sign of the reported
pH sensitivity was opposite to the prediction of the transfer doping model [Mai00]
[ZhaO8]. The confusion further increased with several publications reporting that
the surface conductivity increased with decreasing pH [Neb06] [Rez07]. Therefore,
differences in the experimental conditions were expected as the origin of the discrep-

ancy. As a matter of fact, while the Nebel group reported the use of a Pt wire as
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a reference electrode (RE), others have used Ag/AgCl reference electrodes. As will
be shown below, the choice of the reference electrode, Pt or Ag/AgCl, determines
the pH sensitivity of the system.

To demonstrate this effect, the pH sensitivity of diamond SGFETSs has been inves-
tigated with a Pt wire and a Ag/AgCl reference electrode. The diamond SGFETS
were operated in a three-electrode electrochemical cell controlled by a potentiostat.
The electrolyte used was a 10 mM phosphate buffer solution with the ionic strength
adjusted to 100 mM with NaCl. The devices were operated in a transistor config-
uration in which the electrolyte acts as the gate (see Section . The sensitivity
of the surface conductivity to the pH of the solution was measured in the following
way: the device was biased with a constant drain-source voltage of -100 mV. A
constant gate-source voltage of -500 mV vs. Ag/AgCl or 0 mV vs. the Pt RE was
applied with the potentiostat, while the drain source current was monitored versus
time. The difference in the gate bias for both electrodes stems from the different
electrode potential of Pt and Ag/AgCl; thus, the gate voltage has been selected to
have the same drain-source current in both configurations. Small aliquots of HCI or
KOH were added in order to modify the pH of the electrolyte, and the effect on the
drain-source current was recorded. Figure shows the effect of changing the pH
on the drain-source current in the case of using a Ag/AgCl RE or a Pt RE. When
the Ag/AgCl RE is used, a decrease of the pH results in a current decrease; the
opposite is observed if a Pt wire is used as a reference electrode. In addition to the
different sign of the pH sensitivity, the value of the sensitivity differs in both cases
(higher sensitivity for the Pt RE). A more detailed evaluation of the pH sensitivity,
is summarized in Figure [1.2] in which the pH was varied between pH 4 and 8, and
the gate voltage required to offset the effect of pH and keep a constant drain-source
current was calculated with respect to the Ag/AgCl RE or the Pt electrode. In the
case of the Ag/AgCl RE, the pH sensitivity is about +15 mV /pH, whereas when
using the Pt RE the sensitivity is about -56 mV /pH. These values are in very good
agreement with previous results (about +15 mV/pH measured with Ag/AgCl RE
in |Gar05] [Son06] versus -56 mV/pH with Pt RE in [Neb06] [Rez07]. The appar-
ent contradiction of pH sensitivities observed in Figure and Figure [4.2| can be
resolved if the pH dependence of the Pt electrode potential is considered. While the
potential of a Ag/AgCl RE with respect to the vacuum level is independent of the
solution pH, Pt electrodes are well known to have a pH dependent electrode poten-
tial [Ive61] [Che83]. This is illustrated in Figure which shows the variation of
the open circuit potential (Upcp) of Pt with respect to the Ag/AgCl RE. The Upcp
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Figure 4.1: Effect of pH on the surface conductivity of hydrogen-terminated di-
amond when either a Ag/AgClI reference electrode (left), or a Pt wire reference

electrode (right), is used to control the applied gate voltage.

is the potential difference between two electrodes measured with a high-impedance
voltmeter. For increasing pH, the Upcp of the Pt RE decreases, with a variation of
about -50 mV /pH. This pH dependence of the Pt electrode potential follows from
the catalysis of the oxidation/reduction of Hy to HT and vice versa by the Pt. The
reaction can therefore reach thermodynamic equilibrium, using the Pt electrode as
a sink or source of electrons, thereby determining its potential. The potential value

adjusts itself according to Nernst” equation for the redox potential in equilibrium:

Jr
U =1, + T, [l H:07)]

4.1
2 o (4.1)

Where R and F' are the gas and Faraday constant respectively and Uy is the potential
for standard conditions. pg, is the partial pressure of hydrogen dissolved in the
electrolyte, which is usually constant. a(HsO%) is the activity of the hydronium
ion determined by pH. The expected sensitivity to pH of the Pt electrode according
to the Nernst equation is -59 mV /pH. However, the Pt electrode can be poisoned
and its potential can be further influenced by e.g. adsorption of ions, leading to a
deviation from the expected value of the sensitivity [Ye92]. After recognizing the

influence of pH on the potential of the Pt RE, the apparently contradictory results
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Figure 4.2: Evaluation of the pH sensitivity as equivalent changes in gate voltage,

using a Ag/AgClI reference electrode (left), and a Pt wire as reference electrode
(right).

published in the literature can be reconciled using the diagram in Figure .3} where
the positions of the conduction and valence band of a hydrogen-terminated diamond
surface are shown with respect to the vacuum level. A negative electron affinity of
about 1.0 V is assumed for the surface in contact with water. The position of the
Ag/AgCl RE potential is fixed at about 4.7 eV below the vacuum level [Ive61], and
is independent of pH. On the other hand, the potential of the Pt RE depends on the
pH, as discussed above. The values of the Pt electrode potential at pH 2 and pH 10
are represented in Figure 4.3|

It is evident that the potential variation of Pt with pH must be considered for a
correct interpretation of the pH sensitivity results. For instance, if one assumes
that the diamond surface is not pH sensitive, and a Pt wire is used as a reference
electrode, a pH decrease will result in a lower position of the Pt electrode potential
with respect to the vacuum reference. This will induce an increase of the surface
conductivity as the Fermi level is driven further below the valence band maximum
(Figure . Thus, neglecting the effect of pH on the Pt reference will result in
an incorrect estimation of the pH sensitivity of the diamond surface, of about -59

mV /pH. For a correct evaluation of the pH sensitivity of the hydrogen-terminated
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Figure 4.3: left: Influence of pH on the open circuit potential (Upcp) of the Pt
wire with respect to the Ag/AgCl reference electrode. right: Band diagram showing
the positions of conduction and valence band of diamond, as well as the position of

the electrode potentials of Ag/AgCl and Pt for two different pH values.

diamond surface when a Pt reference electrode is used in the experimental setup,

the measured pH sensitivity must be calculated as,

f_ f
S = sy~ syid (42)

where the three terms correspond to the real pH sensitivity of the surface S;gf ,

the measured pH sensitivity S;;**, and the pH sensitivity of the reference electrode
S;;f. Thus, the pH sensitivity calculated from Figure (right), -56 mV /pH must
be corrected by the pH sensitivity of the Pt electrode. Ideally, this sensitivity would
be -59 mV /pH, although we have measured a slightly smaller value, -50 mV /pH
(Figure . Therefore, the real sensitivity of the hydrogen-terminated diamond
surface would be around +5 mV /pH. We attribute the disagreement with the +15
mV/pH estimated in Figure to the drift of the drain source current observed
when a Pt reference electrode was used (see Figure right).

In summary, it has been demonstrated, that the discrepancy of the pH sensitivi-

ties of the surface conductivity of hydrogen-terminated diamond, is a result of the
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pH sensitivity of the Pt wire used as reference electrode in some studies [NebOo]
[Rez07]. A correct account of the effect of pH on the potential of the Pt wire ref-
erence electrode resolves the associated controversy. Thus, we conclude that, in
agreement with previous reports [Kaw01] [Gar05] [Son06], the pH sensitivity of the
H-terminated diamond surface conductivity does not follow the prediction of the
transfer doping model, as has been suggested [Neb06] [Rez07]. Instead, we confirm
that hydrogen-terminated diamond surfaces, if ideally perfectly hydrogenated, show
a very weak pH sensitivity.

Two explanations have been suggested to explain the origin of this pH sensitivity.
Both mechanisms lead to a pH-dependent change in the surface charge, and thus
an effective change in the gate potential which corresponds to the observed pH sen-
sitivity as the preceding discussion has shown. On the one hand, a pH-dependent
change of the charge state of surface groups such as hydroxyl groups has been sug-
gested [Son00, [Har08] - a mechanism referred to as the site binding model [Yat74].
Obviously, this explanation requires an imperfect hydrogenation and, indeed, an
increase of the pH sensitivity has been observed with a partial oxidation of the sur-
face [Gar05]. On the other hand, a pH-dependent, preferential adsorption of OH™
groups on hydrophobic surfaces such as hydrogen-terminated diamond was proposed
to explain the pH sensitivity [HarQ7]. This second explanation could explain a pH
sensitivity even when assuming a perfectly hydrogen-terminated surface. However,
so far, neither explanation could be experimentally verified and it is unclear if either
one or both of these mechanisms are responsible for the pH sensitivity of hydrogen-

terminated diamond surfaces.

4.2 Solid polyelectrolyte-gated surface conductive

diamond field effect transistors

Surface-conductive diamond field effect transistors can be gated with aqueous elec-
trolytes, as required for applications in bioelectronics and biosensing [Ber(3), Kaw(1].
Generally, gating with electrolytes, where the gate charge is ionic as opposed to
electronic, has great potential for achieving high carrier concentrations at low gate
voltages [Pan05, [Lul0]. In these devices, usually no insulating dielectric is nec-
essary, and therefore the separation of charges in the electric double layer formed
between the gate and the conductive channel is small, leading to a high interfacial
capacitance [YuaQ9, [YelO, [Uenll]. However, liquid electrolyte gates and the elec-

trochemical setup necessary for their control are cumbersome or even prohibitive
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for many applications. Solid polyelectrolytes can provide both the high capacitance
that electrolytes inherently offer and the convenience of a solid gate. Recently, elec-
tric double layer transistors with and without solid gate have attracted considerable
attention, mostly due to their ability to achieve high carrier accumulation (103
carriers/cm?) [Ono08] [Uen08] [Yua09] [Lul0] [Pan05] [Butll]. Previously, metals
have been used as solid gate materials for diamond transistors [Hir06]. However, the
insulator required between the gate metal and the channel for carrier accumulation

inherently reduces the interfacial capacitance.

Consequently, a solid electrolyte was used to fabricate a FET based on surface-
conductive diamond [Dan12]. Polyethylene oxide (PEO) is employed as the gate ma-
terial, leading to transistor characteristics that are comparable to those of diamond
SGFETs with an aqueous gate. The standard diamond SGFETSs were fabricated,
including the passivation with SU8 and silicone glue (see Appendix[A.5.1]). Polyethy-
lene oxide (100 000 M.W., Alfa Aesar) together with LiClO4 (Sigma Aldrich) in a
16:1 ether oxygen : lithium ion ratio was dissolved in acetonitrile to form a 10 %
(weight) solution and filtered through a 0.45 pm syringe filter. The solution was
drop-casted onto the transistor gate area, dried in air for 1 hour and then in vacuum
over night. Finally, the dried PEO layer was contacted with an evaporated gold
layer (100 nm) used as gate electrode (see Figure |4.4] for a schematic of the device).
The aqueous electrolyte-gated samples, whose data is compared with that of the
polyelectrolyte-gated samples, are operated in a standard pH 7 phosphate-based
buffer solution with an ionic strength of 0.1 M from KCI.

In principle, the fabricated polyelectrolyte-gated FETs behave similarly as the solu-
tion gate field effect transistors: the number of free carriers accumulated at the dia-
mond surface is controlled by the potential drop across the diamond/polyelectrolyte
interface. The potential drop in the hydrogen-terminated diamond determines the
position of the Fermi level at the diamond surface, which can be adjusted beneath
the valence band edge, thereby inducing the accumulation of positive charge carri-
ers on the diamond side. In the polyelectrolyte, these charges are mirrored by a net
surplus of ions of opposite (here negative) charge close to the interface. As opposed
to an aqueous electrolyte, the mobile ions (here Li* and ClO; ) are incorporated in
the solid polymeric structure (here PEO), which allows net charge accumulation of
the ions, but still gives the polyelectrolyte the characteristics of a solid.

The PEO/diamond interface was characterized with cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) (see Figure. The CV experiments
revealed that, within a gate voltage ranging between -0.2 and 0.4 V, the behavior
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Figure 4.4: left: Schematic layout of the PEO-gated surface-conductive diamond
transistor. Drain and source contact are passivated with SU8 (light green) and
silicone glue (red). The solid PEO (light pink) rests directly on the diamond surface
and is contacted with the gate electrode. The conductivity of the p-type conductive
channel in the diamond can be modulated by applying a gate voltage across the
PEO/diamond interface. right: Image of a 4x4 transistor array with common source

and individual drain contacts. The transistor dimensions are 20x40 pm?®.
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Figure 4.5: left: Cyclic voltammetry of the diamond/PEQ interface recorded at
10 mV/s. right: Phase ® and absolute impedance value |Z| of the diamond/PEO
interface versus frequency taken at a gate voltage of 0.3 V. The equivalent circuit

used to calculate the interfacial capacitance is shown as an inset.

is almost exclusively capacitive with no faradaic components to the current. The

reproducibility of the scans confirms the stability of the surface. Electrochemical
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impedance spectroscopy has been used to probe the interface over a range of fre-
quencies. The experimentally acquired data can be fitted with an R(CR) equivalent
circuit (see Figure inset; resistance and capacitance in parallel representing the
interfacial charge transfer resistance and capacitance, respectively, and another re-
sistance in series representing the electrolyte resistance). The resulting capacitance
of 3 + 1 puF/cm? is in agreement with the values derived from Hall effect measure-
ments (see Figure[4.7). Furthermore, the phase stays close to -90° for frequencies up
to about 100 Hz, indicating purely capacitive behavior without diffusive elements.
This suggests that the charging of the interface is not limited by the mobility of the
electrolyte ions in this frequency regime.

Field effect transistors (20x40 pm?) were successfully fabricated (see optical micro-
graph in Figure as described before. As seen in Figure [4.6] the p-type surface
conductivity of the diamond can be modulated nicely with the PEO gate. The
drain-source current can be varied over 4-5 orders of magnitude within a gate volt-

age range of 0.8 V to —0.5 V. Analyzing the transistor characteristics further, the

0.0 -0.2 -0.4
U (V)

Figure 4.6: left: Drain-source current (Ipg) versus drain-source voltage (Upg) at
different gate potentials, showing transistor-typical behavior with linear and satu-
ration regions. right: Sheet conductivity in the linear region. The slope above the

threshold voltage is 0.1 uS mV~!. The transistor dimensions are 1x1 mm?.

gate-dependent drain-source conductivity (Figure is linear above the threshold

voltage over a large gate range with a slope of 0.1 uS mV~!. The transconductance
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shows its maximum at Ugq.=—0.1 V, which is the gate bias at which the sensitivity
of the drain-source current towards changes in the gate potential is highest. These
results are very similar to those from hydrogen-terminated diamond FET's operated
in an aqueous electrolyte (see Section [3.1{ and [Dan09]).

Complementing the transistor characterization, Hall effect measurements were per-
formed as a function of the gate voltage in a van-der-Pauw configuration. These re-
sults are compared to those of diamond solution gate field effect transistors (SGFET)
of the same samples operated in an aqueous electrolyte. The hole concentration de-
rived from the Hall effect measurements at different gate potentials shows a linear
slope above the threshold voltage. This gate-dependent carrier accumulation cor-
responds to a capacitance of 2.3 uF/cm?, which is close to the value calculated
from the EIS experiment (3 + 1 uF/cm?). As shown in Figure , the charge
modulation obtained with the polyelectrolyte gate is equal to that obtained using
the aqueous electrolyte gate, suggesting that the gate material has no or little in-

fluence on the carrier concentration.  Together with the conductivity, the Hall
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Figure 4.7: left: Sheet carrier (hole) concentration versus gate voltage as derived
from Hall effect measurements for an electronic grade sample with a PEO gate con-
figuration as well as an aqueous electrolyte gate configuration. right: Corresponding

Hall mobility as calculated from the sheet conductivity and carrier concentration.

mobility can be derived from the carrier concentration. As can be seen in Figure
[4.7 the gate dependence of the mobility of the diamond PEO-FET corresponds to
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the behavior observed with the aqueous electrolyte gate, suggesting that the same
scattering mechanisms govern transport in both types of devices. As discussed in
Section [3.3.3] the mobility would be limited by acoustic phonon scattering or ion-
ized impurity scattering from the electrolyte ions which has emerged as the more
likely mobility limiting mechanism. This is not necessarily a contradiction to the
results observed here: Firstly, as discussed in the following, the PEO-gated devices
are likely to have a thin water layer adsorbed at the diamond surface resulting in
the equivalent mobility behavior to the aqueous electrolyte-gated devices. Secondly,
even when assuming no adsorbed water layer between the diamond surface and the
PEO, the ion charge density in the PEO-gated devices would be the same as in the
aqueous electrolyte-gated devices. Thus, a scattering mechanism dependent on these
charges would lead to the same mobility behavior as in the aqueous electrolyte-gated

devices.

Considering the almost identical behavior between the PEO-gated and the aque-
ous electrolyte-gated samples with regard to the charge accumulation, we propose
that a thin water layer remains between the diamond surface and the PEO. This
water layer, that is thought to be responsible for the diamond surface conductiv-
ity (see Section , would then lead to the same interfacial capacitance for the
polyelectrolyte-gated devices as discussed in Section [3.2.3] Furthermore, this water
layer has been shown to be surprisingly stable - though it remains unclear whether
the water itself or adsorbed ions are responsible for the stability of the surface con-
ductivity at elevated temperatures [Mai00] (see also Section [2.2.1)). The presence
of an interfacial water layer could explain why the observed interfacial capacitance
does not vary for devices with a PEO gate as opposed to an aqueous electrolyte gate

(see Figure [L.7), as we would expect when exchanging the electrolyte.

Replacing the aqueous electrolyte with a non-aqueous polyelectrolyte based on polyethy-
lene oxide, which does not form hydrogen bonds, should diminish any effect based
on hydrophobicity (see Section [3.2.3). Accordingly, no depletion of the electrolyte
in the vicinity of the surface would be expected, increasing the dielectric constant
in this region from the vacuum permittivity to that of polyethylene oxide and there-
fore increasing the capacitance of this region. In a series-capacitor model, where
the overall interfacial capacitance is limited by the smallest capacitance, the overall
interfacial capacitance should increase in this case. Based on the simple model for
the aqueous electrolyte (see Equation and using a dielectric constant of 14 for
the polyethylene oxide monomer [Dav63|, an interfacial capacitance in the range of

2 2

8 pF cm™ would be expected, in contrast to the measured 2 uF cm™. To inves-
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tigate this hypothesis, further experiments are needed, e.g. by removing the water
layer on the diamond surface before depositing the polyelectrolyte. This could lead
to higher capacitances, as the polyelectrolyte/diamond interface might not show a
hydrophobic gap.

The main advantage of the polyelectrolyte-gated surface-conductive diamond-based
transistor device is its solid gate. Additionally, the device is relatively easy to
process and the PEO based electrolyte is transparent for wavelengths longer than
approx. 350 nm (data not shown), making the whole device transparent in the
visible spectrum.

We see potential applications of this technology in e.g. studies of the electronic
properties of diamond crystals. As discussed in Section [3.3.3] the aqueous electrolyte
offers only a very limited temperature range and the interfacial properties (e.g.
water ordering) could change with temperature. Therefore, solid electrolytes offer
the possibility of Hall measurements in a wider temperature range, thus allowing
a better judgment of the various scattering mechanisms which potentially limit the
mobility. Of course, the solid electrolyte could influence these transport properties,
but it should at least be possible to rule out some scattering mechanisms. The studies
by Chazalviel and coworkers, who employed PEO and methanol based electrolytes to
explain data for silicon inversion layers at the interface with acetonitrile can work as
an example [Ben90a] [Tar85] for such an approach. Finally, another application that
can benefit from a solid, and transparent gate is the recently discovered switching

of the charge state of diamond NV centers for quantum computing [Haull].

4.3 Graphene SGFET'Ss

In 2004 a new allotrope was added to the carbon family: graphene [Nov04]. The
subsequent hype about this new material is at least partly founded in its extraordi-
nary properties, and its widespread investigation testifies also to the ease with which
the material processing can be mastered and results can be achieved. In addition to
various other fields of application, biosensors and bioelectronic devices could benefit
from graphene. Graphene combines the chemical stability and biocompatibility of
other carbon materials with its extraordinary electronic properties such as a high
carrier mobility, that make graphene FETSs superior to those based on other mate-
rials. On top of this, the material is flexible, which facilitates a combination with
living tissue. Further, the fabrication of devices for operation in electrolytes is rather

easier compared to e.g. the silicon.
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As it turns out, much of the technology employed and developed for diamond surface-
conductive SGFETSs can be applied to graphene, and thus the fabrication of graphene
SGFETs [Danl0] [HesIla]. This is true for a large part of the processing technology,
which can be applied to epitaxial graphene as well as to chemical vapor deposited
(CVD) graphene. Obviously, all of the characterization techniques used for diamond
SGFETs can also be applied to graphene SGFET. And even some of the physical
concepts that govern the device behavior can be transferred to graphene SGFETSs.
This has allowed our group to rapidly adopt graphene as a new material for SGFET's
and their applications in bioelectronics [Danl0] [Heslla] [HesI1b]. In this section,
the principles of device fabrication of graphene SGFETSs are presented together with

their electronic characterization in electrolyte.

The results shown here are based on epitaxial graphene, which was prepared from
SiC by graphitization of the Si face at 1200°C [Dan10]. The graphene SGFET device
array was fabricated on this graphene layer using optical lithography. A Ti/Au layer
stack (10 nm/100 nm) was evaporated to form bond pads and leads to the active
area. Prior to the metal evaporation, the open areas were defined by selective etching
in an oxygen plasma. In this way, the graphene layer was fully removed from the
contact area, improving the adhesion of the Ti/Au layer to the SiC substrate. The
active graphene areas of the transistors were defined by etching the surrounding
graphene regions using an oxygen plasma. In order to contact the active area of
the FETs and form drain and source contacts, an additional Au layer (100 nm) was
deposited on the leads, partly overlapping the graphene active region. This step
involves the evaporation of Au on the whole device and then selective etching with
a KI/I; solution with the Au contacts protected by a standard photoresist layer.
To prevent the direct contact between the electrolyte and the metal contacts, the
entire sample was covered with two subsequent layers (1.5 pum each) of a chemically
stable photoresist (SU-8), which were opened at the gate area by optical lithography.
Transistors with two different gate areas (width x length: 40x10 ym? and 40x20 ym?)
were processed around the sample center, where a van der Pauw structure of 700x700
pm? was fabricated for Hall-effect measurements (see Figure . For CVD grown
graphene, which offers various advantages with respect to epitaxial graphene, the
process involves principally the same steps [Hes11b]. While the Ti/Au contacts are
processed on the substrate and the graphene sheet transfered on top, the contact
is still provided by an extra Au layer, selectively etched by a KI/Iy solution. The
active area is also defined by selectively etching the graphene sheet with an oxygen

plasma and the insulation of the contacts is also achieved with a SU-8 layer. The
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resulting device looks much the same as the diamond SGFETs with the hydrogen-
terminated diamond part replaced with graphene (see Figure for a micrograph
of a finished device). The measurements of sheet resistivity and Hall effect were
performed analogue to those of the diamond SGFET (see Section [A.2).
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Figure 4.8: Fabrication and operation of graphene solution-gated field effect tran-
sistors. left: Optical micrograph of graphene SGFETs. The Ti/Au structures (yel-
low) represent drain and source contacts for the transistors (gate areas of 40x10
pm? and 40x20 pm?) and contacts for the van der Pauw structure in the center.
right: Schematic drawing representing the modulation of the carrier density in the
graphene film: the applied gate voltage (with respect to the reference electrode)
shifts the Fermi level in graphene above (shown) or below the Dirac point, thus

modulating the number of free carriers.

The operating principle of graphene SGFETSs is the same as that of the diamond
SGFETs described in Section[3.1] A gate potential Uy is applied across the interface
between the graphene and a reference electrode in the electrolyte. By changing the
electrical potential of graphene, its electrochemical potential, the Fermi level Er can
be adjusted. The particular electronic band structure of graphene does not exhibit
a band gap, but the valence and conduction band touch each other at the so-called
Dirac point Up, giving graphene its semimetal nature. As a result, both p-type and
n-type charge can be accumulated by shifting the Fermi level position accordingly.
This is shown schematically in Figure [.8]
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Figure 4.9: left: Sheet conductivity derived from the 4-point resistivity measure-
ments performed using the van der Pauw structure. The minimum of the conduc-
tivity occurs at a gate potential of -0.5 V versus the Ag/AgClI reference electrode.
maddle: Carrier concentration versus gate voltage calculated from the 4-point Hall-
effect experiments. Close to the Dirac point, it is not possible to estimate the number
of carriers. The curve exhibits a clear asymmetry around the Dirac point. right:
Hall mobility versus carrier concentration. For comparison the mobility for a surface
conductive, electronic grade diamond sample is shown. A clear asymmetry around
the Dirac point is revealed, with electrons showing a higher mobility than holes.
For both electrons and holes, the Hall mobility decreases with increasing carrier

concentration, following a power law in which u oc n=%3.

The effect of this peculiar electronic structure of graphene can be seen in Figure 4.9
which depicts the results from sheet conductivity and Hall effect measurements in
electrolyte under gate potential control. The conductivity shows a V-shape with the
lowest conductivity at the Dirac point Up. Figure also shows the variation of
the sheet carrier concentration as a function of Ug, where three regions should be
considered: for Ugs > Up a quasi-linear relationship between the electron density and
Ug is observed; for Ugs < Up, on the other hand, a supra-linear dependence between
the hole density and Ug is observed. The estimation of the carrier concentration
becomes difficult near the Dirac point, since the Hall voltage goes to zero when

the number of holes and electrons is similar. In any case, the estimated carrier
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density near the Dirac point, which is about 10'2 cm=2, can be considered an upper
limit. Ideally, for single layer graphene, a concentration of about 10 cm™2 holes
and electrons is expected at the Dirac point at room temperature [CN09J. We
note that the presence of charged impurities can induce chemical doping, increasing
significantly the number of carriers and shifting the Fermi level away from the Dirac
point in the absence of a gate potential. Furthermore, it has been shown that the
built-in electric field at the graphene/SiC interface can result in electron doping of
the graphene layers [Emt09] [Hee07] [Oht07] [Ked08].

In order to fully understand the modulation of the carrier density in graphene
with the electrolyte potential, we have to consider the charge distribution at the
graphene/electrolyte interface. An electrical double layer is expected to form at an
ideally polarizable electrode/electrolyte interface, as has been discussed in Section
B.2.2] In the case of graphene, in addition to the double layer capacitance, the
so-called quantum capacitance must be considered. The quantum capacitance is de-
fined as 0Q)/0U,,, where Q = e(p — n) corresponds to the total charge in graphene
and U, represents the electrostatic potential in graphene, i.e. the position of the
Fermi level in graphene with respect to the Dirac point [Lur88] [Fan07] [Xia09]. Both
the quantum capacitance and the double layer capacitance contribute to the total
interfacial capacitance. Thus, the applied gate voltage cannot be directly assigned
to the electrostatic potential in graphene, since part of the applied voltage drops in
the electrolyte close to the graphene surface.

The potential drop at the graphene/electrolyte interface and the resulting charge
accumulation were simulated using the nextnano software. In the simulations, as
done previously for diamond, we have used the conventional PB model with a static
bulk dielectric constant of water of 78 as well as the ePB model for the hydrophobic
case with PMF's for the electrolyte ions. It should be noted, that the parameters
for the dielectric constant and the PMFs as for diamond in Section have been
used [Schl10]. It is worth recalling, that graphene, as hydrogen-terminated diamond,
exhibits a good hydrophobicity. In graphene, the sheet charge density is calcu-
lated according to Fang et al., assuming a linear energy dispersion E(k) for isolated
graphene [Fan07]. This leads to electron densities n and hole densities p given by
2 (kBT

2
=Z2(2B) F dp=2
n=2 () At and p=>

—)2 Fi(-n) . (13)

2 (kgT
hl/p

where the Fermi velocity vp of the charge carriers in graphene is chosen to be 0.98
x10% m/s. F} is the Fermi-Dirac integral of the order 1 with n = (Ep — Ep)/kgT

as its argument, whereby the relative position of the Fermi level Er to the Dirac
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point Ep determines the charge density.

Using this model, we have evaluated the carrier densities in graphene and the ion
densities in the electrolyte at the graphene/electrolyte interface [Danl0O]. When
comparing the potential profiles at the interface as resulting from the PB and the
ePB model, the ePB shows a much steeper potential drop on the electrolyte side,
just as in the diamond case (see Section . This is a result of the vanishing
of the water density and corresponding dielectric constant in the vicinity of the
graphene surface, which is assumed in the hydrophobic ePB model. Therefore, while
in the PB model any change in the gate potential is changing the Fermi level in the
graphene by almost the same amount, in the ePB a part of the potential change is
"lost” in this interfacial region. Thus the interfacial capacitance is lowered for the
hydrophobic ePB model.  The carrier density calculated based on the discussed
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Figure 4.10: Carrier density versus applied gate voltage for graphene solution-
gated FETs. The experimental results (normalized so that Up=0 V) are compared
to the nextnano simulations. The experimental data is best represented by the ePB
model, where an important potential drop occurs in the electrolyte strongly reducing
the electrostatic potential in the graphene film. In the case of the PB model, the
potential drop in the electrolyte is almost negligible, i.e. the electrostatic potential

in graphene approximately equals Ug, resembling the "quantum limit” situation, in
which Er = eUg.

models is shown in Figure the carrier density expected from the so-called
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quantum limit in graphene (U, = Ep/e) is shown for comparison, together with
the experimental results obtained from the Hall measurements. This comparison
confirms that the graphene/electrolyte interface cannot be solely described by the
quantum capacitance, since the experimental carrier density is much smaller than
predicted by the quantum limit. Furthermore, the PB model cannot describe the
experimental results; the double layer capacitance predicted by this model is too
high, and therefore the situation is similar to the quantum limit. Finally, the carrier
density predicted by the ePB model, which accounts for the microscopic structure
of water near the interface with no fitting parameters, is in reasonable agreement

with the experimental results.

However, the electron-hole asymmetry found experimentally (Figure and Figure
cannot be understood with this model. It has been proposed, that the access
region beneath the SU-8, where there is no gate control via the electrolyte, will be
slightly doped, either n- or p-type, and thus forming a p-n junction with the gated
graphene region, if the respectively opposite carrier type is accumulated [Hes1lal.
For the data presented here, this would necessitate a p-type doping in the access
region beneath the SU-8, in order to form a p-n junction with the gated region
in an electron accumulation state, and therefore result in an earlier leveling off of
the sheet conductivity. However, such an additional resistance, which is in effect
a contact resistance, should not affect the results of the four-point van-der-Pauw
measurements. Equally, the Hall effect measurements should not be affected by
such an additional resistance and in the results for the carrier concentration the
asymmetry is apparent as well. Other considerations, such as bilayer graphene with
its different effective mass for electrons and holes [Cas07], or chemical doping by ion

adsorption [Ang08|, could possibly explain this effect.

Using the resistivity and carrier density determined directly from in-solution Hall-
effect measurements, the dependence of the carrier mobility on the electrolyte gate
potential and thus the carrier density can be evaluated (Figure [4.9)). It is observed
that the Hall mobility decreases with increasing carrier density. The magnitude of
the mobility is in good agreement with values for epitaxial graphene prepared on the
Si-face of SiC, where low carrier mobilities are typically reported [Ber04] [Ted09).
However, more recent measurements point to higher mobilities, even for epitaxial
graphene [HesITa]. There is also a clear asymmetry for hole and electron mobili-
ties: at the same carrier concentration, the electron mobility is noticeably higher
than the hole mobility. Although the influence of charged impurities on transport in

graphene is widely acknowledged, the limiting scattering mechanism is still a matter
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of discussion [Che0f| [Ada07] [Kat08]. It has been suggested that Coulomb scatter-
ers present at the graphene/substrate interface, or even adsorbed on the graphene
surface limit the carrier mobility. Theory predicts that long-range Coulomb scatter-
ing, such as that due to charged impurities in the vicinity of graphene, will lead to
carrier mobilities which are independent of the carrier density [Che08] [Ada07]. On
the other hand, short-range scattering, such as that due to point defects or ripples in
the film, is predicted to decrease the mobility with increasing carrier density [Che0S]
[Kat08] [Sta07]. Recently, Tedesco et al. have reviewed the dependence of the Hall
mobility on the carrier density in epitaxial graphene on SiC [Ted(09]. For graphene
grown on the Si-face of SiC, the mobility strongly decreases with increasing carrier
concentration (both electrons and holes), almost following a p oc n~! dependence.
It was suggested that the relationship between carrier mobility and carrier concen-
tration may result from the stepped morphology of graphene due to the underlying
SiC substrate, and is an intrinsic characteristic of epitaxial graphene synthesized
by the sublimation method [Ted09]. As can be seen in Figure [4.9] our experiments
do not reproduce such a trend; instead, the mobility exhibits a weaker dependence
on the carrier concentration, following u o< n=%3. We note, however, that the ex-
act dependence of the mobility on the carrier density, as theoretically predicted for
ripple-induced scattering, strongly depends on the surface morphology, and it has
been shown to vary from an almost constant value to a 1 ~ n~! dependence [Che(§]
[Kat08]. In our specific case, in which the graphene film is in contact with an aque-
ous electrolyte, additional Coulomb scattering is expected due to the double layer
formed at the graphene/electrolyte interface. As in the case of diamond SGFETsS,
the ion density in the vicinity of the graphene depends on the carrier density, due
to the charge neutrality requirement. Therefore, even if the ions are treated as
long-range Coulomb scatterers, the mobility is expected to decrease with increasing
carrier density, due to the correspondingly increased density of ionic scattering cen-
ters. Additional scattering mechanisms related to the graphene/aqueous electrolyte
interface could also be relevant, such as interface dipole scattering introduced by

structuring of water in contact with the hydrophobic surface of graphene.

With regard to applications as biosensor or in bioelectronics, graphene is in many
ways the "better diamond”. It appears to combine the big strengths of diamond
in its stability in electrolyte environments [Tan09] and its biocompatibility [Leell]
[Hes11b] with a number of other advantages over diamond and specifically hydrogen-
terminated diamond. The remarkable electronic properties of graphene, notably its

high carrier mobilities, are also exhibited in electrolyte [HesI1a]. The high mobilities
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and a similar interfacial capacitance to diamond lead to a higher transconductance,
i.e. a higher sensitivity, of the devices [Heslla]. The fact that these superior prop-
erties could not be observed in initial experimental results [Danl0] can be probably
attributed to not-yet optimized graphene sheets. Among other things the graphene
had to endure a short Pt etching in aqua regia (HCl + HNOj) - further testament to
the chemical stability of the material. The higher sensitivity of graphene SGFETSs
combined with low noise leads to very competitive signal-to-noise ratios |[Hes11b.
Furthermore, the mechanical flexibility that graphene sheets offer is certainly ad-
vantageous for the combination with living tissue, which is of particular interest for
neuroprosthetic devices. Starting from epitaxial or CVD graphene, the processing
technology for graphene SGFET could be adapted straight from diamond SGFET.
Finally the availability of graphene is surpassing that of diamond, judging from the

numerous scientific groups that have mastered the production of graphene.



Chapter 5

Detection of cell signals with
diamond SGFET's

The development of neuroprostheses, and, to a lesser extent, biosensors, has been
one of the main drivers for the investigation of diamond in electrolytes and thus,
this thesis.[] In order to understand the electrical synapse at the cell/transistor
interface, we will briefly review the fundamental aspects of the electrical activity in
electrogenic cells.

The membrane that encloses every cell not only forms a mechanical barrier but
also an electrical barrier that gives rise to an inner cell potential that differs from
the surrounding potential. The membrane potential AV is defined as the difference
between the inner cell potential V), and the potential of the extracellular solution V.
The cell membrane contains specialized proteins, the ion channels, that selectively
transport ions across the cell membrane. This leads to different concentrations for
a number of ion species inside and outside the cell (see Table 5.1)). As a result of
these concentration gradients, a potential difference arises between the inside and
the outside of the cell. Since the membrane is permeable only selectively to one ion
species, a diminishing of the concentration gradient by diffusion, would lead to a
charging of the cell, and thus increase the potential inside the cell. The situation
therefore reaches a steady state between the concentration gradient driven diffusion
and the potential driven diffusion. In this situation, the ion species ¢ with valency

z; is generating the Nernst potential V; for the cell [NelO4]:

RT  dn»
V; = _ZF lIl Cqut (51)

IThis thesis has been carried out in the frame of a EU project, DREAMS, aiming at developing

diamond-based retinal prosthetic devices.
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Table 5.1: Typical ion concentrations inside c¢;,, and outside ¢, a squid giant

axon, as well as the Nernst potential resulting from the concentration gradient for
Na*, K, and CI” ions |[Nel04].

ion | ¢in | Cout | ViNernst
Nat | 50 | 440 | 54 mV
Kt 400 |20 |-75 mV
Clm | 52 | 560 | -59 mV

As will be shown in the following, the permeability, that is the conductance, of the
membrane for each ion species determines the contribution of its Nernst potential
to the total membrane potential.

From an electrical point of view, the cell can be represented by an equivalent circuit,
the so-called Hodgkin-Huxley element [Kan95]. The Hodgkin-Huxley element con-
sists of parallel current pathways I; for each ion species across the cell membrane.
Along its pathway, each ion experiences the potential drop provided by the Nernst
potential and the resistance (specific conductivity ¢;) from the ion channel specific to
this ion species. Additionally, a capacitance C); is used to account for the capacitive
behavior of the membrane. In the steady state situation, according to Kirchhoff’s

law, the membrane potential AV is then [Nel04]:

I;
AV =V —Vg=V,+ — and therefore I, = g;(AV —V;) (5.2)

Gi

The sum of all ion currents ), I; is zero in the case of the steady state situation,
where the membrane potential is not changing. Therefore, considering the ion species

potassium, sodium and chloride [Nel04]:
gNa(AV — Vna) + g5 (AV = Vi) + gan(AV — VCZ) =0, (53)

which then leads to the membrane potential

aVNa + 9x Vi + gaiVo a
_ gNa VN Ik VK T goiVel _ gn Vi + 9K Vie + gci
Ina + 9K + gcu Gtot Gtot Gtot

AV Ve (5.4)

where g;,; is the sum of the specific conductances. If the extracellular potential Vg
is used as a reference and set to zero, the inner cell potential V}; is then known.

By opening and closing the ion channels for the specific ions, the cell can then change
its potential. The conductivity for each ion species determines to what extent its

Nernst potential contributes to the whole membrane potential. In this way, neurons
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Figure 5.1: left: The electrical behavior of the cell membrane is represented by a
Hodgkin-Huxley element. It is composed of the potassium, sodium, and chloride ion
channels with their specific conductances gx, gnae, and gc;, plus a potential inde-
pendent leakage channel gr,, and the membrane capacitance Cyy. right: Graphical
representation of the point-contact model for a cell/transistor junction, with the
transductive extracellular potential V;, the electrical potential of the cell V), the
potential in the bulk electrolyte Vg, the potential of the diamond substrate Vs, the
capacitance of the diamond/electrolyte interface Cs, and the conductance g; of the

cleft between cell and transistor.

can generate action potentials, that is transitory variations of their membrane po-
tential, that can travel from cell to cell and thus facilitate communication [AIb02].
For an action potential to be generated, the membrane potential needs to reach a
certain threshold. Once this threshold is reached, both the sodium and potassium
channels open with different time constants. The faster sodium channels open first
producing an inflow of Na't ions which raise the inner potential, causing a positive
feedback loop in which yet more sodium channels open. The sodium channels then
close and the slower potassium channels become dominant, resulting in an outflow
of K* ions, which pushes the potential in the opposite direction. This transitory
variation of the membrane potential is the action potential. Both sodium and potas-
sium channels open only for a certain time after the threshold is reached and after
returning to the resting state they need a refractory period to become active again.
This mechanism generates the potential pulses and prevents changes to the mem-

brane potential for longer time periods.
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One of the goals of bioelectronics is to couple the electrogenic cells to electronic
devices in order to detect and possibly excite these action potentials. Cells however,
do not form a tight contact with surfaces. Instead, membrane proteins bind the cell
to the surface leaving a cleft of 60-100 nm in between [Bra98|. The cell-transistor
coupling that allows the signal transduction between cell and sensor via this cleft
has been described with the point-contact model (see Figure [Reg89] [Ero03].
The point-contact model describes the potential changes in the cleft above the active
area of the transistor by assuming all ionic and capacitive currents passing through
one point in the cleft and thus canceling each other according to Kirchhoft’s law.
The potential of the node, where all the current paths meet, is called the junction
potential V; or transductive extracellular potential, and is equivalent to the effective
gate potential the transistor responds to. The cleft between the cell and the transis-
tor surface is small enough to provide a significant resistance between the junction
region and the extracellular solution depending on the cleft size. This is a condition
for the potential in the cleft to differ from the potential in the extracellular solution
determined by the reference electrode. Upon opening of ion channels in the cell
membrane, induced either by an action potential or by externally forcing the mem-
brane potential via patch-clamp, ions flow into and out of the space between cell
and transistor. The additional charge and the concentration change in the cleft lead
to a potential change in the junction, that can then be detected by the transistor
[Reg89] [Ero03].

Frequency response of diamond SGFETs

There are several preconditions that must be met in order to successfully record
action potentials from cells. As cells usually need to be grown on the sensors, the
devices need to be stable in cell culture media for a certain time, usually of the
order of several days. Diamond SGFETSs easily fulfill this criteria, as shown in
Section [2.2.7 Equally fundamental is a sufficient signal to noise ratio for successful
signal detection. Diamond SGFETSs have been shown to exhibit low noise compared
to, e.g. silicon FET used for cell signal detection [Haul0]. Combined with their
transconductance, which is higher [HesITa] than for comparable silicon devices, this
results in a higher signal-to-noise ratio.

Furthermore, the device needs to be capable of responding sufficiently fast in order
to resolve the action potentials of cells, i.e. the bandwidth of the whole recording

setup needs to be high enough not to attenuate important frequency components
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Figure 5.2: [eft: Bandpass behavior of the signal amplitude measured for three
diamond SGFETs in one sample. The recorded signal is normalized by the input
signal amplitude. The cut-off frequencies, defined as a signal attenuation of 3dB, are
indicated by the dashed vertical lines. right: Experimental setup for the bandwidth
measurements. The reference electrode potential is modulated by the input voltage
Uin. The corresponding drain-source current signal is converted to a voltage and
amplified to give the output voltage U,,;. The output voltage is compared to the

input voltage, taking the transconductance of the respective transistor into account.

of the signal. The recording setup includes a current-to-voltage converter and an
amplifier. The interfacial capacitance of the diamond SGFETSs in combination with
the electrolyte resistance forms a low pass filter. Therefore, higher frequencies suf-
fer a higher attenuation. Measurements of the systems bandwidth show a cut-off
frequency (3dB attenuation) of the devices, including the setup, between 3 and 7
kHz (see Figure . At frequencies above the cut-off, the attenuation increases
drastically, suppressing any signal component at higher frequencies. However, the
frequencies of cell action potentials are below this range, typically less than 1000 Hz.
At this frequency, the device plus amplifier transmits 80 to 90% of the signal am-
plitude. Therefore, the cell signals are expected to be well resolved using diamond

SGFETs.
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Figure 5.3: Differential interference contrast image of HL-1 cells growing in a
confluent layer on the diamond SGFET array after three days in vitro. Bright
regions indicate metalized areas underneath the SU-8 passivation. Individual cells

cannot be resolved due to their dense growth.

Extracellular recording of HL-1 action potentials

Cardiomyocyte-like HL-1 cells were seeded on the 4x4 transistor arrays and cultured
[Hau08, Dan09]. After three days, the cells were confluent enough to form a densely
packed layer covering the active areas of the transistors as well as the SU-8 passi-
vated space in between, as shown in Figure [5.3l The devices below this cell carpet
were still fully functional, as revealed by measurements of the transistor character-
istics [Hau08, [Dan09]. The simultaneous recording of the drain-source current of all
16 transistors at a common operation point shows almost concurrent and repeated
spikes on all working transistors, as can be seen in Figure We attribute these
events to the action potentials of the cells, which are known to be spontaneously gen-
erated and automatically propagate across the whole syncytium [Cla98]. The fact
that almost all transistors of the array show clearly visible signals is an indication
for the healthy growth of cells and, more significantly, for the close attachment of
the cells to the active area of each individual transistor. Figure [5.4] also shows the
same measurement with a higher time resolution, where the time delay between the
events recorded by different transistors becomes visible. Due to the propagation of

the action potentials through the cell culture, there exists a time delay between the
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Figure 5.4: left: Simultaneous recording of the gate voltage modulation of 12 chan-
nels of a diamond SGFE'T array. All transistors record repeated action potentials
produced simultaneously from HL-1 cells on their respective gates. The HL-1 cells
formed a continuous layer after three days of culture. right: Same recordings with
an enlarged time axis. The measured action potential signals show different time
delays for different transistors on this time scale. Most transistors record a signal
shape similar to the one most clearly visible for transistor 15 with a positive peak

followed by a negative peak typical of a capacitive response [Fro99].

occurrences of the action potentials from one cell to another. As a consequence, the
measured signals will propagate through the cell layer and arrive at different times
at each of the transistors. However, as can be derived from Figure the speed
of propagation is not homogeneous. In young cultures the interconnection between
the cells may not be fully developed, and a lack of connections requires the signal
to take a longer path around this area. Nevertheless, the time delay between the
recorded events rules out other possible sources for the recorded spikes, like a spike
of the reference electrode potential or other distortions which would occur at all
transistors simultaneously. The distribution of the time delays between the different
transistors is constant for the duration of this and other measurements. Besides the
time delay between the individual transistors, there is also a distribution of different

signal shapes recorded by the transistors. Generally, the signal transduction from
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the cell to the transistor can be explained by the so-called point-contact model in-
troduced before [Fro03] [Fro08]. According to this model, an action potential of the
cell, i.e. a spike of the inner cell potential caused by ionic flux across the membrane,
translates into various signals recorded by the transistors depending on the con-
ductivity of the cleft, the capacitance of the transistor/electrolyte interface, and the
ionic and capacitive currents through the parts of the cell membrane attached to the
transistor [Fro08]. The most frequent kind of signal transduction is dominated by
capacitive currents through the attached cell membrane [Fro99], as exemplary shown
by transistor 15 (Trl15) in Figure . Other signal shapes are more dominated by
currents of various ions through the attached membrane into the cleft [Ing05]. The
signal shape also depends on the distance of the cell to the transistor, and therefore
the cleft size, or on the distribution of ion channels between the attached and the
free part of the cell membrane [Fro03]. While the shape of the signal stays the same
during the measurement, in a few cases we observed a change in the signal shape
between two different days of measurement of the same transistor. As the cells are
alive and continue to grow, this is probably caused by changes in the cell /transistor

attachment.

Figure 5.5: Differential interference contrast image of HEK293 cells growing in the
vicinity of the gate area of a transistor after 3 days in cell culture. The bright areas
correspond to the source and drain Au contacts. In addition, the opening of the
SU-8 passivation layer to the transistor gate (marked) is also visible. The outline of

a cell covering the largest part of the gate is indicated by the dotted line.
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Extracellular recording of HEK293-EAG cells:

In order to observe the signals of individual cells and to do so in a controlled fashion,
HEK293 cells (human embryo kidney cell line) were seeded and grown on the transis-
tor array [Hau08, Dan09]. Figure [5.5|shows a representative example of a transistor
with a number of HEK293 cells in close vicinity, and one cell on top of the active area
of the transistor. The spindle like shape of the cells indicates good attachment to the
substrate and a healthy cell growth. The hydrogen-terminated diamond constituting
the active area of the transistor therefore also shows good biocompatibility with this
second type of cells. HEK293-EAG cells are genetically modified to express potas-
sium ion channels in the cell membrane, which lead to a release of potassium ions
from the cell interior if a certain threshold for the membrane potential is exceeded.
Cells on top of transistors were contacted with the patch-clamp method, where an
electrode is attached to the cell with a glass pipette. Using this electrode, the cell’s
membrane potential can be controlled. Figure shows the applied membrane po-
tential Vj; (top curve), the resulting ionic current Ij; through the cell membrane
(middle curve) and the response of the transistor beneath the cell (bottom curve).
For HEK293 cells, the depolarization of the cell membrane to +90 mV is sufficient
to induce the opening of the ion channels. A hyper-polarization pre-pulse (at 75
ms in Figure shorty before the depolarization re-sets the voltage-gated channels
to ensure that they are not in a refractory state. The channels close again when
the membrane is repolarized to the resting potential of -50 mV. As a result, the
membrane current [, increases after the polarization until approaching a satura-
tion value, as more and more potassium channels open [Sch02] [Wro05]. The quick
change in potential from -50 to +90 mV and vice versa, additionally causes a capac-
itive current. In the membrane current graph of Figure this contribution cannot
be observed, since for usual patch-clamp recordings this signal part is compensated
for by the patch-clamp amplifier electronics (20.8 pF membrane capacitance for this
experiment). The effect of the change in conductance of the cell membrane on the
gate potential of the transistor can be seen in the third part of Figure [5.6] Like
the transduction of the action potentials of the HL-1 cells, this recorded response
can be explained in a first approximation by the point-contact model [Wro05]. As
mentioned above, the transductive extracellular potential above the transistor gate
is determined by the conductance of the current paths leading to it. During the
opening of the potassium channels, the conductance of the cell membrane changes,
as it becomes permeable to the potassium ions. As a result, the junction potential

V; and thus the effective gate potential of the transistors are affected, leading to an
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Figure 5.6: Patch-clamp recording (top and middle) and corresponding transistor
response (bottom) of a HEK293 cell located on the gate area of the transistor. The
cell potential Vi, as applied with the patch electrode is shown on top (blue), together
with the current across the membrane I, (red), and the transductive extracellular
potential V; (black) as recorded with the diamond transistor. The curves are aver-
ages of 50 recordings to improve the signal-to-noise ratio. The membrane current
graph (red) does not show the sharp capacitive membrane current resulting from the
change in membrane potential (dashed line at 85 and 185 ms) as this is compensated

for by the amplifier electronics.
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increase of the recorded potential towards more positive values with an increase of
the membrane conductance [Fro08]. Hence, changes in the membrane conductance
of the cell, capacitive currents across the attached cell membrane, and changes of
the cleft conductance will all contribute to modify the gate potential, influencing
in turn the drain-source current of the transistor. The transistor recording shown
in Figure shows capacitive contributions from both the depolarization (marked
”17) and repolarization (marked "3”) of the cell membrane, as they are not com-
pensated by the FET recording system. After the depolarization of the membrane
to +90 mV, the gate potential increases following the increase of the membrane
current (marked 72”). Upon repolarization of the membrane, the gate potential
reaches again its initial value (marked ”4”). This transistor response can be well
explained by the change in conductance of the attached cell membrane according
to the point-contact model discussed above. However, in contrast to the membrane
current, the gate potential shows a less pronounced saturation trend after the initial
increase following the polarization. Additionally, after the repolarization, the initial
fast decrease of the gate potential is followed by a much slower return to the initial
value. Both effects can be understood considering the ion sensitivity of the hydro-
gen terminated diamond SGFETSs. During the depolarization of the cell membrane,
potassium channels open and release potassium ions into the cleft. Depending on the
thickness and the size of the cleft, diffusion of the potassium ions from the cleft into
the bulk electrolyte will be limited, such that potassium ions accumulate in the cleft
resulting in a steady state situation with a local increase of the ion concentration.
After the closure of the potassium channels, the concentration of potassium ions in
the cleft slowly returns to the bulk value of the electrolyte [Bri05] [Pab07] [Sch07].
Such a change of the ion concentration and therefore the ionic strength will lead to
a change in the drain-source current of the transistor, resulting from the screening
of the charge present at the hydrogen-terminated diamond surface [HarQ7]. In order
to calculate this effect, the ion sensitivity of a diamond SGFET to KCI was eval-
uated by recording the drain-source current dependence on the KCIl concentration.
As shown in Figure 5.7, below 10 mM KCI concentration the concentration of the
buffer ions dominates the transistor response. Above 10 mM KCI the drain-source
current decreases linearly with the logarithmic increase of the KCI concentration
[Har07]. In order to roughly estimate the effect of potassium ions accumulation in
the cleft between cell and transistor during depolarization, one needs to consider
that only a small part of the membrane is closely attached to the substrate and

seals the cleft from the bulk electrolyte. We assume that 10 % of the potassium
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ions released as membrane current (approx. 1 nA) during 100 ms of polarization
pass through the attached membrane into the cleft with a thickness of 100 nm and
a radius of 10 pm, and do not diffuse to the bulk electrolyte [Fro99]. This results
in an increase of the concentration of potassium ions by 3 mM. The relevant ion
concentration of the extracellular solution and the additional potassium ions for
our experiments is 145 and 148 mM respectively, and therefore in the linear section
(black line) of the graph. Taking the transconductance g, for this transistor into
account, the resulting decrease in drain-source current corresponds to an increase of
60 1V in the gate potential for each 1 mM of ion concentration change at this ion
concentration. Accordingly, the estimated effect corresponds to a 180 pV increase
of the gate potential. The observed effect on the gate potential of around 150 pV
is of comparable magnitude. Close adhesion between cell and transistor gate leads
to a high resistance of the cleft, which is favourable for high signal amplitudes. The
accumulation of ions in the cleft due to decelerated diffusion of ions to the bulk

electrolyte attests to this.
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Figure 5.7: Ion sensitivity of the drain-source current of a transistor recorded at a

constant operating point and constant pH. The x-axis displays the concentration of
KClI added to the buffer solution (10 mM HEPES).

The transistor measurements shown in Figure [5.6| are the average of 50 recordings,

which is necessary for this type of experiment in order to improve the signal-to-
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noise ratio. Although the signal is visible on each single recording, a detailed shape
analysis is only possible with the averaged signal. The fact that such averaging is
possible emphasizes the reproducibility of both the cell and the transistor response.
Such artificial cell signals produced as controlled events, where membrane potential,
membrane current, and the response of the sensing element are known, enable a
thorough analysis of the mechanisms governing the signal detection.

In conclusion, the results in this last section show that diamond is a suitable material
for bioelectronics. Its biocompatibility allows the growth of cells and a close enough
attachment to the transistor surface so as to enable transduction of the cell signals.
The device performance could be further improved by functionalizing the gate area
of the transistor in order to enhance directed growth of cells on the sensitive areas. In
addition to the read-out of cells, capacitive stimulation of cells using the advantage of
the high specific interfacial capacitance of the diamond/electrolyte interface appears

feasible.






Chapter 6
Summary

In the course of this PhD project, hydrogen-terminated diamond SGFETs have been
investigated with a focus on their interfacial properties and applications in the field of
bioelectronics. The apparent limitations of silicon as an electronic material in aque-
ous electrolytes has motivated the search for alternative materials and diamond has
emerged as a promising candidate. The development of diamond SGFETs spawned
interest in using these devices for the signal transduction of living cells. This goal
required a thorough understanding of the hydrogen-terminated diamond /electrolyte

interface, as well as technological advancements in the application of these devices.

For the study of the charge accumulation at the diamond/electrolyte interface, in-
liquid Hall effect measurements were employed, allowing us to correlate relevant
properties of this interface to various sample parameters. The necessary setup
was specifically developed for this purpose and allows measurements under po-
tential control in electrolyte in a fully automatic mode. Simulations were then
employed to quantitatively reproduce the experimental values. These simulations
with the nextnano® software allowed us to calculate the charge accumulation at
the diamond/electrolyte interface using a spatially dependent dielectric constant
on the electrolyte side. We found that the measured capacitance of the hydrogen-
terminated diamond/electrolyte interface could be understood by assuming a hy-
drophobic gap in the direct vicinity of the diamond surface, consisting of a vanish-
ing water density and consequently diminished dielectric constant. A simple analysis
of the contributions to the interfacial capacitance finds the dominant effect to be
from the water density fluctuations at the hydrophobic surface as opposed to the
finite approach of the ions. Furthermore, a systematic difference in the interfacial
capacitance between the (100) and the (111) surface orientation was experimentally

observed. Simulations based on effective valence band masses calculated with the
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kp method showed only a negligible comparable effect. Potential causes for this
orientation dependence of the capacitance are discussed, but none can be substanti-
ated with the available experimental data. Aside from the comparison to available
experimental data, the simulations further illustrate the electronic situation in the
potential well beneath the diamond surface and the effects of parameters such as the
nitrogen impurity concentration. The experimental study of the electronic transport
in the hole channel revealed a clear dependence on the nitrogen impurity content and
on the surface orientation, though less pronounced. Electronic grade, (100)-oriented
samples exhibit the highest mobilities, and optical grade, (111)-oriented samples
the lowest mobilities. The mobility dependences of the different sample categories
are compared to those theoretically predicted for relevant scattering mechanisms.
These are in turn tested by Hall effect experiments that vary parameters such as
temperature, or surface potential fluctuations. While the mobility dependence of no
sample category could be unambiguously attributed to a certain scattering mecha-
nism, potential candidates have been singled out for further investigations.

The stability of diamond is a key motivation for its study as a material for bioelec-
tronics, and consequently the electrochemical stability of the hydrogen-termination
was confirmed. The all-important termination of the diamond surface was studied
with XPS and the results on the composition of the hydrogen-terminated diamond
surface suggest the presence of an adsorbed water layer. Some advancements of
technological capabilities will aid the application of diamond SGFETSs in bioelec-
tronics and where necessary to carry out the research in this work, such as the
partial oxidation of the surface.

The diamond SGFET principle was used in three applications. Firstly, as a pH
sensor for which the long-standing controversy on the pH sensitivity of the diamond
surface conductivity could be resolved. Secondly, a polyelectrolyte was employed to
produce solid gate diamond SGFETs. Thirdly, the SGFET principle was applied
to graphene. The graphene SGFETSs show very promising characteristics and seem
likely to surpass diamond in their applicability in bioelectronics. Finally, signals
from single living cells could be successfully detected with diamond SGFETs for the
first time. Cell culture studies confirmed the diamond SGFETSs to be compatible
with cell growth. The cell signals could then be detected with sufficient resolution to
differentiate signal shapes. The correct signal transduction could be shown with sin-
gle cells excited with the patch-clamp technique and thus correlated to the measured

signal.



Chapter 7

Outlook

This thesis set out to advance the development of diamond as a material for biosens-
ing and bioelectronics, as well as to explore those material properties that are fun-
damental in this field. Some progress has been made and some questions answered

on this broad front, but many more remain.

The largest part of this thesis deals with the charge accumulation and the electronic
transport at the diamond /electrolyte interface. Here, the difference in the interfacial
capacitance between the (100) and the (111) surface orientation remains largely
unexplained. The first step towards a better understanding of this effect could be
molecular dynamics simulations properly including the charge separation in the C-H
surface dipoles and thus test their effect on either the interfacial water density or its
orientation. Experimentally, analogue measurements for the (110) surface as those
presented here could provide an additional data point against which to test possible
explanations. Studies on the morphology of the surface with atomic resolution, e.g.
with STM, could check for systematic differences in surface morphology between the

orientations.

Non-aqueous electrolytes can replace the aqueous electrolyte gate of diamond SGFET'Ss
and potentially increase the charge accumulation, either by increasing the interfacial
capacitance, or by increasing the potential window of the diamond devices. This has
been already tried in this thesis, but the data suggests it is necessary to remove the
adsorbed water layer on the diamond surface before depositing the gate material.
The procedure would probably involve annealing in vacuum or oxygen-free atmo-
sphere and deposition of the gate material in situ. The exchange of the electrolyte
could help to elucidate the crystal orientation dependent interfacial capacitance, or
lead to new physical phenomena such as superconductivity through the high charge

accumulation as in other materials [Uen08| [Yel0].
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The investigation of the electronic transport in the p-type surface conductive chan-
nel of diamond has established a basis on which specific scattering mechanisms can
be tested. To this effect, a wider range for temperature dependent Hall effect mea-
surements would be highly advantageous. Non-aqueous electrolytes, such as solids
or liquids with a lower freezing or boiling point, used as gate materials can facilitate
this wide temperature range. A higher carrier accumulation would also shed light
on the mobility dependence beyond the region of uniform mobility values at high

carrier concentrations.

The nextnano simulations that contributed so much to the understanding of the
charge accumulation and the electronic properties of the diamond SGFETSs are based
on the description of the band structure by Luttinger parameters or effective masses.
As has been discussed, there is no agreement in literature on the values of these
parameters. This unsatisfactory situation should be addressed with a thorough
experimental study, with credible statistics e.g. with cyclotron resonance on the
effective masses in intrinsic diamond for the main crystallographic directions. Such
a study could clarify the controversy and serve as an anchor point for theoretical
studies and thus greatly aid further calculations on the charge accumulation in

diamond.

The hydrophobic interaction has been studied on a number of material systems,
but, at least experimentally, very rarely on diamond [Jen03|, [Ost05], [Mez06l [Poy06],
Poy08|, Kun09]. We believe that the diamond surface could provide a model system
in this field, as it can be both hydrophobic and hydrophilic, depending on the surface
termination. As both terminations are stable in aqueous environments this should

provide a suitable platform for studies on the hydrophobic effect.

The proposed water layer on the diamond surface should be studied again. For this,
a repetition of the ambient pressure XPS experiments should be performed. An
improved hydrogen termination of the samples and better statistics should enable
reliable results and provide a clearer difference between the clean surface and that
with adsorbed water or oxygen. The source of the adsorbed oxygen could then
be clarified with e.g. sum-frequency generation measurements on diamond surfaces
with the adsorbed water layer [She06].

The signal transduction from neurons would be the next logical step in the devel-
opment of diamond bioelectronics. To make such an attempt successful, the neuron
growth should be directed. To this end, the functionalization of the diamond sur-
face with a monolayer of linker molecules which can then bind to growth promoting

proteins would be advantageous. The combination of areas with growth promot-
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ing proteins and growth inhibiting proteins should maximize the selectivity of the
neuron growth.

The controversy around the pH sensitivity of the diamond surface conductivity could
be resolved in this work. However, the mechanism of the pH sensitivity is still not
fully understood. A combination of XPS measurements to detail the residual oxygen
content on the surface in combination with pH measurements could possibly reveal
the source of the pH dependent surface charge.

Considering the rise of graphene, the outlook for diamond as a material for biosensing
and bioelectronics is bleak. In these areas graphene seems to combine the strengths
of diamond with superior electronic properties. The fabrication of graphene SGFET's
in this work has greatly benefited from the technologies and the expertize developed
for diamond SGFETs. The remarkable stability of diamond in electrolytes could
still lead to applications of diamond as an electrode material for demanding electro-

chemical applications.






Appendix A

Appendix

A.1 Monolayer calculation from XPS spectra

From XPS spectra the coverage of an adsorbate layer over an underlying substrate
can be calculated. When photoelectrons are generated in a material not all escape,
as those photoelectrons generated deeper in the sample are recaptured or trapped,
resulting in an exponential decay of the generated intensity from deeper layers. This
intensity attenuation depending on the material-specific exponential escape proba-
bility can be used to calculate the thickness of an adsorbate layer. The intensity
I (e.g. of the Ols electrons) for a layer with the thickness d is therefore obtained
by integrating over the exponential escape probability [Den08| (supplementary in-

d —z —d
I =njo4 exp | — | dz =naoala |1 —exp | — (A.1)
0 la la

e n,: density of the atom A (e.g. oxygen) in the matrix (e.g. HyO)

formation).

e 0,: atomic photoionization cross-section of the atom A - e.g. oxygen

e [4: photoelectron escape depth in the matrix (e.g. H20)

If the adsorbate layer A is now covering a material B of thickness d’, the intensity
of the photoelectrons that escape from that material is now attenuated again when

passing through the adsorbate layer A:

I = npoglpexp (;—Ad> [1 — exp (_l;i)] (A.2)

For a bulk material the depth d’ goes to infinity and the intensity is (without the

adsorbate layer):
I = nBO'BlB (A?))
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If the coverage of the adsorbate layer is one monolayer or less, with X being the
fraction of the substrate surface covered, we write [Sea79] for the intensity of the

adsorbate layer

-1
I = XTLAO'A)\m’A cos © |:1 — exXp (m)] (A4)
m,A

And the intensity of the bulk substrate layer:

—1
I = ngop\y, pcos© [1 — X+ Xexp (mﬂ (A.5)
m,A

Here, the escape depth [ is replaced with the product of the inelastic mean free path
A and a geometric factor.
[ =\, cos© (A.6)

© denotes the angle between the surface normal and the detector. A, is given in
units of monolayers and related to the inelastic mean free path via the thickness a
of one monolayer: A\ = a\,,.

Ideally, spectra from an adsorbate-free as well as a covered substrate are available
and compared to calculate the thickness of the adsorbate layer. In our case, the goal
is to estimate the coverage of the oxygen-terminated part of the diamond surface.
However, data from perfectly hydrogenated samples with no oxygen content was
not available. It can be safely assumed that the oxygen-terminated part constitutes
less than a monolayer of the diamond surface. Accordingly, the oxygen coverage is

estimated as follows:

Iows XnopooAm,0 cos© [1 — exp <m>]
ICls nc(fc)\m,c cos © [1 — X + Xexp <—1>]

Am,0 cos ©

(A7)

As the detector is oriented parallel to the surface normal, cos © is unity. Further-

_a>

2o
lennododo | x| xex <_—“>
Z )\O

more, we use A instead of \,,. We then simplify:

Ioisncoche

X — Xexp ( (A8
P

——

Normal calculus gives us the fraction of the surface covered by the oxygen-termination:

_ Z 1
14+ Z1-expa

(A.9)

The intensities can be directly taken from the areas of the fitted XPS peaks.
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The density of the carbon atoms can be simply calculated from the volume density
of p = 3.515 g/cm?® with the Avogadro constant N4 and the molar mass of carbon
M¢ with % and is 1.76 x 10?® cm~3. The reciprocal value is the volume of one
atom and therefore the cube of the monolayer thickness a, which is then 0.18 nm.
In order to estimate the density of the oxygen atoms of the oxygen termination, it
is not sensible to take e.g. the liquid or solid oxygen density, as each oxygen atom
rests at a carbon atom or between two carbon atoms. We therefore roughly estimate
the density by assuming that it is equal to the surface density of the carbon atoms.
Taking the mean of the (100) and (111) surface that is 1.7 x 10'® ecm™2. We then
multiply with the monolayer thickness for diamond to get a volume density to reach
0.94 x 10?3 cm™2. For the monolayer thickness we again take the diamond value of
0.18 nm.

The atomic photoionization cross-section can be taken from literature databases
[Yeh85]. The X-ray energy for the oxygen spectra was 730 eV and for the carbon
spectra 480 eV, resulting in a photoelectron energy of roughly 200 eV in both cases.
The inelastic mean free path are also taken from a literature database [Rolll] based
on equations from Seah and Dench [Sea79]. Here, the photoelectron energy is the
relevant energy, which is 200 eV for both the diamond and the oxygen case. For
diamond the inelastic mean free path is 0.43 nm using the equations suitable for
elements from Seah and Dench (for comparison: Tanuma et al. give a value of 0.57
nm [Tan05]). The inelastic mean free path for the oxygen is 0.57 nm, again from
the same database and using the equation for elements as a surface monolayer (the
density was given at 2.7 g/cm?® according to the above considerations). All values
are summed up in Table [A.1]

According to these calculations, the overall value for the coverage of the oxygen-
terminated part of the diamond surface is 3% for the best sample. While this
discussion is educational with respect to the imprecisions involved in estimating a
monolayer coverage from such XPS data, it shows that the final value can indeed only
be taken as a rough estimate. Halving the surface density of oxygen, for example,

doubles the final monolayer coverage value.

A.2 In-liquid Hall effect measurements under po-

tential control

The Hall effect was first observed by E.H. Hall in 1879 [Hal79], who discovered that

charge carriers in a conductor are deflected by a magnetic field perpendicular to the
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thickness of monolayer a, oxygen 0.18 nm estimate
thickness of monolayer, diamond 0.18 nm calculated
surface density oxygen 0.94 x10%? | atoms/cm? | estimate
surface density diamond 1.76 x10%* | atoms/cm?® | calculated
photoion. cross-section oxygen at 730 eV | 2.5 x10° | barns [Yeh85]
photoion. cross-section carbon at 480 eV | 3.0 x10° | barns [Yeh85]
IMFP oxygen (density 2.7 g/cm?) 0.57 nm [Rol11]
IMFP diamond (density 3.5 g/cm?) 0.43 nm [Rol11]
intensity ratio Ols to Cls peak 0.005 experimental
overall surface coverage ratio 3%

Table A.1: Parameters used for the calculation of the fraction of oxidized surface

of hydrogenated diamond.

direction of the current. As a result of the carrier deflection, a Hall voltage that is
in turn perpendicular to the current and the magnetic field is induced. Figure [A/]]

illustrates the situation schematically. The Hall voltage Uy generates an electric

. ©s
- y

eEy Ey J
v, >
ev,B E, X

z

+ + + + + +

!
||
|I

Figure A.1: Schematic of the Hall effect represented for positive charge carriers.

—

The two forces in y-direction acting on the charge carrier, ek, and ev,B,, are op-

posite and equal.

field E, in the y-direction that exactly counteracts the Lorentz force on the charge

carriers in a steady state situation.

F,=0=—e(0 x B), — e¢E, = ev,B, — eE, , (A.10)
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whereby E, = Upy/b is the so-called Hall field and b the width of the conductor.
Assuming positive charge carriers, the current density is j, = é = pev,, with d the

thickness of the conductor, and p the hole density. Therefore,

Uy 1. 11B
B = = —j,B=—— A1l
4 b pej pe bd of ( )
IB

U = R~ . (A.12)

where Ry = 1/pe is called the Hall coefficient. If both holes and electrons contribute
to the conductivity, the Hall coefficient is defined as:

2 _ 2
Ry — Py, Han

_ o A13
e(pry + npn)* (A.13)

where p, and p, are the hole and electron mobility, respectively [Sho53), [Yu05].
The conduction of carriers is hindered by scattering, where the time between two
scattering events is named 7. When the charge carriers have a distribution in en-
ergy (which is the case in real systems), the scattering time 7 also has an energy
distribution. Additionally, different scattering mechanisms have different energy
dependences [Sho53| [See04] [Yu05]. Taking this scattering into account, the Hall
coefficient (for the sake of simplicity, here only considered for hole conduction) is
Ry =1 (A.14)
ep

where rg represents the Hall factor

(72) denotes the mean squared scattering time, and (7)” the square of the mean
scattering time, which is always smaller. Here, the assumption is of spherical energy
surfaces in the Brillouin zone and a scattering time only dependent on energy [Sho53].
With the conductivity ¢ = eup and the carrier concentration known from Hall effect
measurements, the mobility p can be calculated as p = Ryo. However, the mobility
derived from Hall effect measurements piq; differs from the drift mobility fig,i 5 by
the Hall factor:

HHall = T H[drift (A.16)
The value of the Hall factor depends on the scattering mechanisms affecting the
carrier transport and other factors, such as the shape of the energy surfaces in the

Brillouin zone [Sho53]. Its value is usually not known, and is generally approximated

by one. Despite these approximations, the Hall effect is an important technique to
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determine both the concentration and the sign of the charge carriers in a sample as

well as the mobility of the charge carriers.

As the surface-conductive channel of hydrogen-terminated diamond is two-dimensional,
the sheet conductivity and the areal charge carrier concentration are the relevant
quantities for this work. The sheet carrier density is therefore defined as n, = nd,
and the sheet resistance pg is defined as ps = p/d, when using equation as
for the three-dimensional case. Alternatively, d needs to be set to 1 in equation
A.12| The sheet resistivity has the unit [2], which is normally written as /O to

differentiate it from the resistance - for this work however just €2 is used.
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Figure A.2: Van der Pauw configuration for measurements of the sheet conductiv-
ity (left) and the Hall effect (right). Only one of several configurations necessary for

a complete measurement according to the van der Pauw theorem is shown.

Besides the bar structure shown in Figure [A.T] on flat samples, the Hall effect can
also be measured in a van der Pauw configuration [Pau58]. Here, four contacts on the
edge of the arbitrarily shaped sample are necessary, which are labeled clockwise as
illustrated in Figure[A.2] According to van der Pauw, the resistivity can be obtained
by setting a current between two adjacent contacts and measuring the corresponding
voltage across the remaining contacts. Thus, a resistance

]12

=2 AT
0, (A.17)

Rig34 =

can be evaluated. The first contact number is defined as the positive pole for the set
current as well as the measured voltage. This procedure is repeated for Ro3 41 = (%?1
These two measurements would suffice, but for added accuracy the measurement is

permuted over all contacts with an additional polarity reversal. The resistivity can
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then be calculated according to van der Pauw from [Paub8|:

exp <_7TC_Z Rio34 + 321,43) + exp (_Wc_l Ro3 41 + R32,14) — 1 (A.18)
p p

2 2
md Riaz4 + Rosar , [ Riaa
<:> —_ ) ? 2 A.19
P In 2 2 / (R23,41) 7 ( )
which leads to
R R R R

A= é 12,30 + F21 .43 1‘ 2341 + 21 £(0) and (A.20)
B = éRm,m + Ry321 1‘ Ryy 03 + Rl4,32f Q) (A.21)

for the reciprocal resistances respectively (case A and B). The resistivity is replaced

here with the sheet resistivity ps. The function f is the solution to the equation

1H2R1234—R2341> 1 (1112)
cosh | ———= : =—exp|— ), A.22
( f Rig34+ Roza 2 b f ( )

which cannot be solved analytically, but is approximated by a Taylor series:

om (G () (6)

where ) = M for case A. For the samples used in this work, the error of
23,41+R32,14

this approximation is around 1%. In the case of samples with inhomogenous con-

tacts and low resistivities the expected error is less than 5%. Finally, p2 and p? are

averaged, yielding the sheet resistance p, of the sample.

For the Hall effect measurement according to van der Pauw, the current is applied
diagonally across the sample and the Hall voltage measured via the remaining two
contacts. In order to cancel out inhomogeneities, this configuration is permuted and
the direction of the current reversed. Furthermore, to eliminate offset voltages, the
Hall voltage Uy is obtained from measurements performed with and without mag-
netic field.

The van der Pauw theorem assumes point contacts located at the circumference of
the sample [Pau58|]. While photolithography allows us to place the contacts indeed
at the circumference of the hydrogen-terminated and therefore conducting area of
the sample (see Figure , the contacts have a finite size. The minimum size of
the contacts is also limited, as the conductivity decreases with the contact size and
therefore limits the maximum current for a given voltage. For the sheet resistivity

measurements, with a contact length of 0.1 mm and the length of the conducting
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area of 2 mm, the calculated error is < 0.1% [Chw74]. The measured conductivity
is enlarged by this value. Similarly, the Hall effect measurements are affected by
the finite contact size and the error thus introduced is about 3 % for the geometry
used [Chw74]. The measured Hall voltage is reduced by this value, which increases
the calculated carrier concentration. As the error of the resistivity measurement is

negligible in comparison, the Hall mobility is therefore reduced by approximately 3

%.

For Hall bar structures the geometry and the contacts also result in errors, just as
for van der Pauw structures. The end contacts of the bar are limited in size, as they
can short the Hall voltage for small length to width ratios of the bar [[se48] [Kai06].
Additionally, the voltage-measuring contacts ideally need to be infinitesimally small.
To reduce errors, the voltage contacts are put at the end of contact arms [Lak12].
The Hall voltage contacts also need to be placed opposite each other as accurately

as possible.

Beyond these systematic geometric errors, there are also statistical errors caused by
noise. The diamond samples measured for this work show a Hall voltage of roughly
50-150 pV with significant noise. Therefore, lock-in amplifiers were used for the
measurements. Lock-in amplifiers have a greatly reduced bandwidth for recording
and therefore reduce the noise significantly. The use of lock-in amplifiers is based
on the fact that the noise of a signal is usually spread over a wide spectrum. By
cross-correlating a known AC reference signal with the measured signal of the same
frequency, and integrating over a long period of time, the contribution from other
frequencies is strongly attenuated. Thus, when using the lock-in technique, an AC

signal has to be used for the measurements.

A Hall effect and resistivity setup was developed to measure the charge accumu-
lation, resistivity, and thereby the transport properties of the hydrogen-terminated
diamond samples under electrolytic gate control. Figure illustrates this fully
automated setup, which enables the characterization of the diamond solution gate
field effect structures in normal operating conditions. Additionally, the gate control
allows the measurement of charge accumulation and mobility over a range of carrier
concentrations, yielding a much richer dataset in that respect than in ”dry” condi-
tions. This can be used to understand the scattering mechanism limiting transport

in diamond surface-conductive channels.



A.2. In-liquid Hall effect measurements under potential control 157

UR ° . ° .
Measurement o Reference input s
software Preamplifier 2. Lock-in EG&G 7260
J7 o Low ~
e High '
Computer - i . l
iI R, Isolation amplifier L
Keithley 7001 switch system
GPIB bus ! with Hall effect card 7056
E » o opened relais
o closed relais
Sample contacts |12 (3 |4
Potential input e Uosc
Working electrode ¢ l
Reference electrode ® U « A ®
.Counter electrode ® samplel o B ¢ DACI Output
Potentiostat Bank POS2 T -
1. Lock-in EG&G 7260
Field Controller B-H15 Electrochemical cell
B <+— Electrolyte
—>
Magnet | = Reference electrode (Ag/AgCl)
powTr — - Counter electrode (Pt)
supply E \_J ‘ <|— Sample
—

Figure A.3: Schematic of the fully automated in-electrolyte Hall effect measure-
ment setup with potential control. An example configuration is shown, with a cur-
rent applied between contacts 1 and 2, and a voltage measurement between contacts
3 and 4. See text for details to the setup.

The requirement for potential-controlled measurements in electrolyte causes a num-
ber of problems which need to be addressed. Initially, the potential control is imple-
mented with a potentiostat and the sample in an electrochemical cell. The reference
and counter electrode in the electrochemical cell are directly connected to the poten-
tiostat, which also needs to be connected to one of the four contacts of the diamond
sample, which functions as a working electrode. However, the resistivity and Hall
measurement using the lock-in technique obviously require an AC current to be ap-
plied to the sample. The low contact of this AC current source, which is provided
by the lock-in amplifier, shall be connected to ground. This would in effect put the

working electrode, i.e. the diamond surface, on earth ground, preventing any effec-
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tive control of its potential by the potentiostat. Therefore, an isolation amplifier
(gain = 1) is employed to transmit the AC current provided by the oscillator output
of the lock-in, at the same time galvanically separating the circuit from the earth
ground of the lock-in. The low contact after the isolation amplifier is then a virtual
ground and it can be connected to the working electrode input of the potentiostat
and to one of the sample contacts. The low and the high contact of the isolation
amplifier relay the AC current via a commercial switch system with an integrated
Hall effect card to the four contacts of the diamond sample. The fully automated
switch system applies the AC current according to the different configurations re-
quired by the van der Pauw technique described above. The remaining two contacts
are used for the voltage measurements and directly relayed to the A and B input
of the lock-in (these inputs are used in a A-B configuration and therefore floating
with respect to earth ground). Finally, to actually determine the AC current, a
resistor of known value is used after the high contact of the isolation amplifier. The
voltage drop across this resistor is measured with a second lock-in amplifier, which
gets its reference AC signal from the first lock-in amplifier. In order to enhance the
input resistance of this second lock-in, a preamplifier (gain = 1) is used. This is
not necessary for the first lock-in since the voltage is applied through the Hall ef-
fect card, which has a high input resistance. Both lock-in amplifiers and the switch
system with Hall effect card are controlled via a GPIB bus from a computer with
a measurement software [Lip10]. The magnet providing the electric field has a field
controller, which is also controlled via the GPIB bus and the software. The gate
potential is applied through the potentiostat, which receives the potential to apply

from a DAC output of the first lock-in and is therefore also software controlled.

The in-electrolyte operation imposes further restrictions on the measurements. The
gate potential of the sample is controlled via the working electrode contact. This
contact is always made the low current leading contact for the Hall measurements so
as not to influence the Hall voltage measurements. The working electrode therefore
permutes over the four sample contacts for the different van der Pauw configura-
tions. However, this in turn means, that the high current leading contact is on a
potential different from the working electrode potential by the amount of voltage
necessary to induce the set current in the sample. In order to measure a sample,
which is approximately homogeneous, i.e. at the same potential and therefore the
same carrier concentration over the whole sample area, the applied voltage needs
to be limited. This limit was set to 50 mV, and no voltage applied to the sample

exceeds this value. For high sample resistances this leads to small applied currents
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(e.g. down to 50 nA) and is a further reason for the small Hall voltage signals and
the need for the lock-in technique. Another requirement concerns the prevention
of voltages capable of oxidizing the hydrogen-termination. It was observed, that
besides user errors, these can occur e.g. during switching. In order to avoid these,
all applied voltages are set to zero before the switch system changes the contact
configuration. Furthermore, the magnet especially has been shown to cause massive
(several volts) potential peaks when turning on or switching the direction of the
current. Consequently, the magnet is turned on to a negligible field (0.01 T) before
the sample is installed between the pole shoes of the magnet. From then on, the
magnet field is only varied from this initial value to the maximum value (0.01 T
to 1.8 T). Efforts to prevent these voltage peaks with a low pass filter (capacitance
parallel to the lead to the sample) have been proved futile.

The application of the lock-in technique and an AC setup generally allows for more
accurate measurements. However, additional effects from AC currents and voltages
have to be taken into account. The electric circuit contains a number of capacitances
and resistances, which form low pass filters. Capacitances include e.g. the capac-
itance of BNC cables, but especially the capacitance of the diamond / electrolyte
interface, which also gets charged and discharged by the AC voltages applied. Figure
shows the frequency dependence of the resistance across the sample in a van der
Pauw configuration. As the actual Hall voltage is measured as a difference between
the voltage at the Hall contacts at two different magnetic fields, the dependence on
the frequency of the Hall voltage is much weaker. The low pass behavior illustrated
in Figure can be calculated from the equivalent circuit also shown. The values
of the resistances for the calculation are taken from experimental electrochemical

impedance spectroscopy data.

-1
1 1 -
ZTheory _ Re 0-5Rsam e
sample (f) (0.5Rsample + ( L+ 1/Ret + iQWdel) ) " §

(A.24)
Considering this data, a frequency of 1 Hz or lower eliminates the low pass effects
from the AC measurements. However, the isolation amplifier needs a minimal fre-
quency to have its intended gain of 1 (gain 0.99 at 1 Hz). Therefore a measuring
frequency of 1 Hz is chosen.
A further problem of measuring in electrolyte is caused by drift of the interfacial
potential. When the gate voltage of the sample is set by the potentiostat, the actual
potential of the sample takes some time to reach an equilibrium value. Possible

explanations for this effect are e.g. changes in the surface charge. The sample resis-
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Figure A.4: left: Equivalent circuit of the diamond/electrolyte interface and the
sample resistance Rgsqmpie With an applied gate voltage Ug and a potential Upgsc
applied between contacts 1 and 3. The double layer capacitance Cy of the interface,
the charge transfer resistance R. across the interface, and the resistance of the
electrolyte R.; are shown. The interface acts as a low pass filter. right: Frequency
dependence of the resistance measured between contacts 1 and 3 with the sample in
electrolyte. The red curve represents a calculation assuming the equivalent circuit
shown on the left, obtained from equation [A.24,

tance, which is dependent on the actual potential, thus changes over time [Lip10].
Accordingly, after setting a new potential, a waiting time of 5 min was implemented,
after which the resistance value changes less than 2 %.

Some transport mechanisms are temperature dependent [Arn76|, therefore the in-
liquid Hall effect setup was equipped with a temperature control. This was achieved
with a heating coil in the electrochemical cell, operated with a thermostat. Obviously
the temperature range for an aqueous electrolyte is limited and the effective range
of this setup is from 7°C to 80°C.

Beyond the intended change of the sample temperature, that of the electrolyte and
the other electrodes is changed as well. The reference electrode is slightly tempera-
ture dependent, with a change of 6.5 mV in the reference electrode potential between
7 and 80°C [Stii08]. This has been investigated by measuring the potential differ-
ence between two identical reference electrodes in two separate electrolyte baths
connected by a salt bridge. While one of the baths is kept at room temperature,

the temperature of the other bath can be varied while detecting a change in the
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potential difference of the two electrodes in an open circuit mode [Stii08] [Bar87].

The electrolyte is affected by the temperature through its effect on the acid dis-
sociation constant (pK,), which determines the pH at given concentrations (see
Appendix [Bey96]. The pK, value is affected by temperature and also by
the ionic strength. A change of pH in turn affects the ionic strength as an acid
and its conjugate base have different valency. Overall, for the temperature range
between 7°C and 80°C, the ionic strength changes by approximately 10% and the
pH changes from pH 6.9 to pH 7.1. These small changes of pH and ionic strength
due to the temperature change have an negligible effect on the effective potential of

the diamond samples [Har(7].

The software controlling the resistivity and Hall effect measurements is fully auto-
matic. After installing the sample and setting the measurement parameters, the
software executes the resistivity measurement, followed by the Hall measurement,
and repeats this for a given series of gate potentials. Not only does this add to the
reproducibility of the measurements and avoids user errors during the multitude of
singular measurements and configuration changes. It also allows a more efficient
time allocation on behalf of the user - at least after the completion of the setup
itself. While this might appear to be a mere convenience, it qualitatively affects the
research. In a situation, where a complex system is under investigation with a high
number and variation of parameters, automation brings measurements within reach,
that would be deemed unrealistic otherwise - just as the advent of broadband inter-
net has not only made things faster, but by doing so also spawned new applications

such as video streaming.

For this work the van der Pauw structure has been used exclusively. However,
the measurement software and the setup in general also allow the use of an 8-
contact Hall bar. While not used in this work, as this option became available
only late, it has been tested and is operational. The main advantages of a van der
Pauw configuration is the possibility to measure flat samples of arbitrary shape, and
the need of only four contacts [Lakl2]. For the Hall bar at least six, and better
eight, contacts are necessary and obviously the sample has to be brought into a
Hall bar shape. Since some form of photolithographic processing is necessary for
the surface conducting diamond samples in any event, a Hall bar structure is little
additional effort. While the accuracy might not be greater than with a van der Pauw
structure, the analysis is more straightforward, which should be especially helpful
when investigating unknown and possibly inhomogeneous materials. An additional

advantage is that the Hall bar requires less measurements and thus is faster than



162

A. Appendix

the van der Pauw measurement.

A.3 Interfacial capacitance and threshold voltage

Table A.2: Interfacial capacitance and threshold voltage of a subset of the investi-

gated diamond samples in Figure[3.7] For a few samples the measured data does not

allow a sensible calculation for each value as the carrier concentration-gate voltage

dependence is not linear.

sample name surface ori- impurity Cinter face Uy, [(mV]
entation grade [uF cm™2]
$29a (100) op 3.00 165
S28a (100) op 2.95 223
S24a (100) op 2.78 282
S29h (100) op 2.41 125
S25b (100) op 2.69 -23
S42a (100) op 2.43 399
S38h (100) op 2.35 512
S17a (100) Ila 3.39 44
S17b (100) ITa 2.75 64
S21d (100) ITa 2.15 241
S17c (100) Ila 2.31 175
S50 (100) ] 2.42 393
S43a (100) op 2.40 132
S39b (100) 200 ppm 3.69 -166
S36h (100) - 1.68 _286
S34a (100) el 2.51 189
S40a (100) el 3.02 12
Sdla (100) el 1.88 81
S35h (100) el 2.37 184
S34b (100) el 2.32 7
S33b (100) el 1.26 -265
S32b (100) el 1.48 -79
S27a (111) op 4.37 201
continued on next page




A .4. Electrochemical cell 163

continued from previous page

S26a (111) op 4.23 347
S3la (111) op 4.19 285
S30a (111) op 3.92 442
S31b (111) op 4.74 37
S30b (111) op 4.53 55
S9d (111) ITa 4.47 89
S6d (111) ITa 3.83 49

A.4 Electrochemical cell

In order to set the potential of an electrode in an electrolyte on an absolute scale
(e.g. vs. vacuum potential), a second electrode is necessary as a reference point
versus which to apply the potential (see e.g. [Bar(l] or [Boc98| for details). This
second electrode is called reference electrode in electrochemistry. The electrode
whose potential is set is called the working electrode. The reference electrode po-
tential is established by a chemical reaction at defined reaction conditions delivering
a reproducible electrochemical potential. An example is the silver/silver-chloride
(Ag/AgCl) reference electrode employed in this work, which uses the solvation of
Agt and ClI™ ions from AgCl into a solution with defined Cl~ concentration to es-
tablish its potential. On a physical scale the electrochemical potential of the 3M
Ag/AgCl electrode is approximately at -4.7 eV versus the vacuum potential [Ive61].
Any current through the reference electrode will influence its potential. Therefore,
the electrochemical equivalent of a four point measurement is often used to set the
working electrode potential. A device called potentiostat measures the potential
between the reference and the working electrode via a high impedance input and
therefore with minimal current. In order to then adjust the working electrode po-
tential to the desired value, a potential is applied via the working electrode and
a third electrode, the so-called counter electrode. Figure shows the operating
mechanism of a potentiostat. In case the reference and counter electrode are not
separated, but one and the same, the potentiostat just acts as any normal voltage
source and the configuration is called a two electrode configuration.

In this work, the investigated hydrogen-terminated diamond sample is the working
electrode. With the setup described above, their electrochemical potential can be
set to the desired value. This can either be used to explore the electrochemical

properties at different electrode potentials or to change the surface conductivity as
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Figure A.5: Schematic of a potentiostat with an adjustable target potential and
current measurement. The desired potential difference between the working elec-
trode (WE) and the reference electrode (RE) is obtained by the operational ampli-
fier (OPA) applying an appropriate potential between the working and the counter
electrode (CE).

for the SGFETSs (see Section , thereby effectively using the reference electrode

and the electrolyte as a gate.

A.4.1 Electrolyte

The standard electrolyte used for most experiments in this work was a phosphate
based buffer solution with potassium or sodium chloride added. The pH was usually
7, with an ionic strength of 0.05 M, and a buffer concentration of 0.01 M.
The pH of a buffer solution is determined by the concentration ratio between the
buffer acid [H A] and its conjugate base [A~] according to the Henderson-Hasselbalch
equation [Bey96]:

[A7]

pH = pKa + 10g10 @ (A25)

The pK, of the protonation/deprotonation reaction of the buffer is dependent on

temperature and ionic strength I [Bey96]:

AVI

— 011
1+ VI

pK(lz = pKa + (2Zacid - 1)

, (A.26)

where z,.q is the valency of the conjugate buffer acid and A is a correction factor
dependent on temperature. A = 0.507 at 20°C [Bey96].
The phosphate buffer has three pK, points corresponding to the stepwise deproto-
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nation of the phosphoric acid [Bey96):

pKa =215 for [H3PO,| — [HoPO,4|™ (A.27)
pKao = 7.2 for [HyPO,|™ — [HPO4*~ (A.28)
pKa3 = 12.33 for [HPO,* — [PO4)*~ (A.29)

A variation in pH changes the ratio between two of these conjugate acid/base pairs.
It changes the valency of the buffer and therefore the ionic strength. As the pK,
of the buffer reaction is itself influenced by the ionic strength, the pH and ionic
strength are interdependent. For accurate measurements it is necessary that the
ionic strength is controlled and adjusted for changes in the pH. Additions of base salt
(e.g. potassium chloride) or water keep the ionic strength constant in experiments
varying the pH.

In order to prepare an electrolyte buffer solution, four steps are necessary making
use of the equations given above:

1. Determine the temperature of use, the ionic strength and type base salt, the type
of buffer and the buffer concentration, and the desired pH for the electrolyte.

2. Calculate the corrected pKa (for the appropriate pH range).

3. Calculate the amount of base needed.

4. Calculate the amount of base salt needed to reach the desired ionic strength.

A.4.2 ”Soft” turn on/off of equipment

The on/off switching of the potentiostat has been shown to lead to voltage peaks,
that can oxidize the hydrogen-terminated diamond working electrode (see Section
2.2.7). The following procedure was developed for the soft on/off switching of the

potentiostat, thereby avoiding said potential peaks.

switch on:

1. The WE potential of the potentiostat is set to zero.

2. The RE, WE, and CE are all connected to the (floating) dummy cell.

3. The potentiostat is now turned on (cell active).

4. The RE connector is connected additionally to the real RE. The input impedance
of the RE is very high, and no voltage is applied. However, the potential of the RE
input is already brought closer to the real RE potential of the cell.

5. The WE connector is connected additionally to the real WE.

6. The CE connector is connected additionally to the real CE.
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7. The WE connector is disconnected from the dummy WE.

8. The CE connector is disconnected from the dummy CE.

9. The RE connector is disconnected from the dummy RE.

10. Finally, the WE potential of the potentiostat can be set to the desired value.

switch off:

P N O W

The WE potential of the potentiostat is set to zero.

The RE connector is connected additionally to the dummy RE.
The WE connector is connected additionally to the dummy WE.
The CE connector is connected additionally to the dummy CE.
The WE connector is disconnected from the real WE.

The CE connector is disconnected from the real CE.

The RE connector is disconnected from the real RE.

The potentiostat can now be turned off.

A.5 Sample fabrication

A.5.1 SGFET fabrication

Starting from a hydrogenated sample (see Section [2.2.2)), the following processing

steps are performed:

1) Photolithography for metal evaporation: The samples are placed on

a spinner and rinsed first with acetone and subsequently with isopropanol.
Finally, they are tried with nitrogen to remove surface contaminations. A
standard photoresist (S1818; Rohm and Haas Company) is spin-coated on
the sample (9000 revolutions per minute, 30 s). As the diamond samples
are very small (e.g. 3x3 mm?) compared to wafers usually used for spin-
coating, photoresist accumulates in the corners of the sample surface, forming
edge-beads. As these edge-beads are higher than the rest of the photoresist-
covered sample surface, they prevent a close approach of the photomask during
exposure, resulting in an inaccurate transfer of the pattern to the photoresist
on the sample. Thus, the edge-beads are best removed with a razor-blade,
while the sample is still on the spinner. After spin-coating, a pre-expose bake
follows for 10 min in a 90°C oven. The photoresist is exposed for 5 s with a
365 nm wavelength mercury lamp in a commercial mask aligner to transfer

the pattern of the photomask onto the photoresist. Subsequently, the samples
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are developed by immersion in diluted potassium hydroxide for 20 s. The

development is stopped by immersing and rinsing the samples with DI water.

Evaporation of bond pads and leads: After the development of the pho-
toresist, the samples are oxidized in an oxygen plasma reactor (300 s, 1.4 mbar
oxygen, 200 W). This significantly increases the adhesion of the metal to the
diamond surface. After oxidation, the samples are mounted in a metal evapo-
ration system (base pressure 1 x 107¢ mbar). 100 A of titanium is evaporated
on the sample surface as an adhesion layer, followed by 1000 A gold. For
lift-off, the samples are immersed in acetone to dissolve the photoresist un-
derneath. Ultrasound (at least up to 140 V) may be used to aid the lift-off
process. Samples should not be allowed to dry while the lift-off process is not

complete, to avoid metal flakes sticking to the diamond surface.

Definition of the conductive area: In a second photolithography step, the
conductive regions are defined by covering them with photoresist and oxidizing
the rest of the exposed surface. The same parameters apply for the coating
with photoresist as previously. The samples are subsequently oxidized in the
oxygen plasma reactor (300 s, 1.4 mbar oxygen, 200 W). All sides of the
sample need to be oxygen terminated to avoid short-circuits (depending on
the layout of the final structure). It is necessary for each side to face upwards
and be subjected to the oxidation procedure separately. After oxidation, the

photoresist protection is removed from the samples with acetone.

Contacting the conductive areas: The conductive regions need to be sep-
arately contacted by a gold overlap from the previously evaporated metal
leads onto the conductive areas. This two step procedure is necessary as
the metal does not adhere well to the hydrogen-terminated regions. For this
step, the samples are best mounted in a metal evaporation system imme-
diately after removing the photoresist from the previous step with the ace-
tone/isopropanol /nitrogen rinsing. 1000 A of gold are evaporated on the
whole sample surface. This is followed by standard photolithography as in
the previous steps to protect the metal contacts that should remain on the
surface with photoresist. The sample is then immersed in a KI/I; solution (20
ml Hy0, 2 g KI, 0.5 g I5) for 45 - 60 s and constantly agitated. The KI/I,
solution dissolves the gold from the areas not protected by photoresist - the
etching rate depends on the concentration of the solution. However, under-

etching beneath the photoresist from the edges can be a problem; it is around
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2 pum for the specified concentration and time. The etching process is termi-
nated by immersing the sample in DI water and rinsing with DI water. The
protective photoresist layer is removed by immersing the sample and carefully
rinsing it with acetone, followed by isopropanol, and drying with nitrogen. As
soon as the protective photoresist layer is dissolved, the metal overlap onto

the conductive areas is very vulnerable to mechanical damage!

SU-8 passivation of metal areas: As the samples will be immersed in elec-
trolyte, the metal contacts need to be passivated in order to avoid faradaic re-
actions at the metal areas. This passivation is accomplished with the negative
SU-8 photoresist (SU-8 2002 MicroChem Corp.). The samples are mounted
on the spinner after the previous step and a small drop of SU-8 is placed on
the sample. To dose the SU-8, a syringe with a 0.4 mm needle has proved
useful (storing it in upright position for some minutes minimizes bubbles).
Immediately after placing the SU-8 on the sample, the sample is spun at 6000
revolutions per minute for 40 s. As the SU-8 cannot be removed with acetone,
proper removal of the edge-beads is critical to ensure a perfect transfer of the
pattern of the photomask onto the resist. The SU-8 requires a pre-expose bake
on a hotplate for a total of 4 minutes on a glass slide - 2 min ramping to 95°C
and 2 min heating at 95°C. During this heating, the sample is covered with
a hood and flooded with nitrogen as a precaution against oxidation - though
the necessity of this is unproven. After the pre-expose bake, the SU-8 covered
samples are exposed for 6 s (365 nm). This is followed by a post-expose bake,
analogue to the pre-expose bake. The sample is then developed with a SU-8
developer for 60 s, and the developing process is stopped with isopropanol.
The whole process is repeated to form a second SU-8 layer in order to avoid
pin-holes. No acetone should be applied to the sample after the first layer!
Finally, the SU-8 is cured with a hard bake to give it its stability. The hard
bake requires baking at 150°C for 30 minutes and should be performed in an
oxygen-free environment to avoid oxidation (p < 1 x 107® mbar). Especially
for delicate structures with small openings in the SU-8 for small gates, the
SU-8 process causes difficulties. A sufficient exposure of the SU-8 is necessary,
so as not to remove it during developing. However, scattering of light during
exposure might expose areas, that are meant to be free of SU-8 and thus, e.g.
cover gate areas. This necessitates a careful choice of the exposure time. The
resolution limit for this process are gate areas with a width of 10 um, though

reproducible success could only be achieved with a 20 ym width. As the dia-
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mond is transparent, backscattering from the back of the diamond sample or

the surface beneath the sample can also contribute to unwanted exposure.

Packaging and bonding: The processed sample is placed onto the sample
holder with double-sided adhesive tape. Bonding to connect the bond pads on
the sample with the sample holder contacts should start with the first bond
on the bond pad and the second on the sample holder contact. Two bonds per
bond pad serve as backup. The bonds may be mechanically strengthened by

silver glue.

Passivation of metal leads with silicone glue: The sample can now be
sealed with silicone glue (Scrintec 901) to passivate all leads to the sample and
the sample holder. The silicone glue is applied manually under a microscope

with a fine wire and a toothpick as tools.

A.5.2 Sample recycling

1)

Mechanical cleaning: Initially, scrintec silicone glue, SU-8, bond wires, and
double sided adhesive tape are macroscopically removed from the sample with
a razor blade and tweezers. In a second step, the samples are thoroughly
cleaned with Q-tips, while being immersed in acetone, until all visible residues

are completely removed.

Chemical removal of SU-8 and other residues: The samples are im-
mersed in a covered acetone bath with ultrasound (US) for 60 minutes at 50°C
to remove residues of photoresist. The acetone is removed by rinsing the sam-
ples with isopropanol. For SU-8 removal, the samples are cooked at 70°C plus
US for 60 minutes in commercially available SU-8 remover (MicroChem), fol-
lowed by rinsing with isopropanol and drying with nitrogen. Cooking at 80°C
plus US for 60 minutes in a highly concentrated aqueous hydroxide solution

dissolved residues of SU-8. Finally samples are rinsed with DI water.

Chemical removal of metal contacts: Aqua regia (3/4 hydrochloric acid 37
% and 1/4 nitric acid 65 %) at 80°C for 60 minutes disolves the Ti/Au contacts
and other metal contaminations. Subsequently, the samples are rinsed in DI

water.

Wet chemical oxidation: The samples are immersed in sulphuric acid with a
small quantity of KNOj3 (= 0.5 g per 20 ml Hy,SOy) at 225°C for 60 minutes, in
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order to remove graphitic carbon and chemically oxidize the diamond surface.
The samples are again rinsed repeatedly in DI water to remove any ionic

contaminations and dried with nitrogen.

5) Plasma oxidation: Directly before hydrogen termination, the samples are
oxidized in a microwave oxygen plasma reactor for 300 s at 1.4 mbar and 200
W. This step leaves the surface in a defined oxidized state and removes any

adsorbed organic contaminations.

A.5.3 Oxidation with ozone
Procedure for oxidation with UV-generated ozone:

1. Mount the sample in the reaction chamber and close the reaction chamber while
leaving open an exhaust. The reaction chamber should be situated in a fume hood
to dispose the generated ozone gas.

2. The reaction chamber is flushed with oxygen for two minutes.

3. While still flushing the chamber with oxygen, seal it as good as possible, and
then turn off the oxygen flow.

4. Turn on the UV lamp (check whether the lamp is working through an inspection
window).

5. After the desired process time, turn off the UV lamp, immediately flush with
nitrogen and open the chamber. Be aware of the ozone flushed out from the chamber!

6. Unmount the sample. Flush it with nitrogen to remove any ozone residues.

A.5.4 Functionalization of diamond surfaces

Hydrogen-terminated diamond surfaces can be functionalized with trifluoroacetamide-
protected 10-aminodec-1-ene (TFAAD) (see Figure [A.6). The hydrogen-terminated
diamond sample is covered with TFAAD and illumination with UV-light induces
electron transfer from the diamond valence band that activates the double bond
of the molecule and enables the bond to the diamond surface. The TFA-protected
end is deprotected with tetramethylammonium hydroxide solution leaving an amine
end-group, that can be used for further functionalization.

The functionalization of oxygen-terminated diamond surfaces with 3-aminopropyl-
triethoxysilane (APTES) requires no special activation. The silanes react to silanols
with hydroxyl groups on the oxygen-terminated diamond surface in the presence of
adsorbed water (see Figure [A.7)).
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Figure A.6: The UV light induces electron transfer from the diamond surface into
the TFAAD molecule and thus activates the double bond of TFAAD. The attached
TFAAD is deprotected with a tetramethylammonium hydroxide solution, leaving a

terminal amine group.

AN O NH.
H.N 10
rO |\ with H,O
_
(@]
— —
(0] O
OH OH OH OH OH OH OH OH OH
diamond diamond

Figure A.7: The ethoxy groups of the APTES molecule react to silanols with the
water adsorbed on the oxygen-terminated diamond surface and subsequently bond

to the hydroxyl groups at the diamond surface.

Protocol for the functionalization of hydrogen-terminated diamond sur-
faces with TFAAD:

1. Put the hydrogen-terminated diamond sample into the UV reaction chamber and
cover it with TFAAD.

2. Place a UV-transparent quartz glass slide on top of the sample. This generates a
thin film of TFAAD between sample and glass slide.
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3. Close the UV reaction chamber and flood it with nitrogen.

4. Turn on the UV lamp (254 nm). Use a filter to cut off shorter wavelengths.

5. After 2 hours the process is finished. Clean the sample (and the glass slide) with
chloroform in an US bath for 15 min, followed by a methanol cleaning in an US bath
for further 15 min. Dry with nitrogen.

6. Clean the sample in dilute acetic acid in an US bath for 15 min to remove

adsorbed contaminations.

Protocol for the functionalization of oxygen-terminated diamond surfaces
with APTES:

1. Place the oxygen-terminated diamond sample into a beaker with a mixture of 20
ml toluene and 95 ul of APTES.

2. Place the beaker for 90 min in a cooled US bath.

3. Clean the sample with toluene for 15 min in an US bath, followed by cleaning
with isopropanol for a further 15 min.

4. Dry the sample with nitrogen.

5. Clean the sample in dilute acetic acid in an US bath for 15 min to remove

adsorbed contaminations.

A.6 Sample specification

A vast number of diamond samples has been used in this work, 24 of which are
identified in the data presented in this work and listed in Table [A.3] The sample
labels include a number differentiating between the samples, followed by a letter
differentiating between devices processed and measured on one and the same sample,
with the sample undergoing the recycling procedure (see Section in between
the measurements. The measurements on the samples with letters "b”, ”c¢”, and "d”
have been discussed previously [Stii08, [Lip10] and their historic label is given for
easy reference. The samples include natural diamond samples of Ila quality with a
nitrogen impurity content of < 50 ppm. All other samples are CVD grown. Optical
grade samples have less than 5 ppm nitrogen impurities, electronic grade samples
have less than 5 ppb nitrogen impurities and less than 1 ppb boron impurities. In
this work natural ITa and optical grade samples are usually put in one category,
as their nitrogen impurity concentrations are of a similar order. Samples "S377,
”S38”, and ”S42” are of optical grade impurity quality, but contain significant surface

damage in the form of cavities in the micrometer range. ”S39” contains an especially
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high amount of nitrogen, 200 ppm. "S36” is supposed to contain comparatively less
dislocations according to the manufacturer (Element Six Ltd.). "S50” and "S51” are
high quality, very pure homoepitaxial layers on top of a HPHT diamond substrate
grown at CEA LIST, France. ”S43” is a sample grown in the "AIST” institute in
Japan. Samples "S34”, ”S35”, ”S40”, and "S41” are "super polished” samples polished
by "Diamond Detectors Ltd.”, that do not show any polishing lines in the AFM. All
natural Ila, optical and electronic grade samples are polished conventionally and do

2

show polishing lines. All samples are 3x3 mm~ in size, except the "super polished”

samples, which are 4.5x4.5 mm? in size.

Table A.3: Diamond samples with specifications used in this work.

sample  historic surface  nitrogen specifications
name sample orienta-  impu-
label tion rity
grade
S6¢ 6v3 [Sti08] (111) ITa [N]<50 ppm
S6d 6v4 [Sti08] (111) IIa [N]<50 ppm
S9d 9v4 [Sti08] (111) IIa [N]<50 ppm
S17a - (100) ITa [N]<50 ppm
S17b S17 [Lip10] (100) ITa [N]<50 ppm
S17c 17v3 (100) IIa [N]<50 ppm
[Stii08]
S21c 21v3 (100) IIa [N]<50 ppm
[Stii08]
S21d  21v4 (100)  TIa [N]<50 ppm
[Stii0g]
S24a - (100) op [N]<5 ppm
S25a - (100) op [N]<5 ppm
S26a - (111) op [N]<5 ppm
S27a - (111) op [N]<5 ppm
S28a - (100) op [N]<5 ppm
S29a - (100) op [N]<5 ppm
S20b  S29 [LipI0] (100)  op IN]<5 ppm
S30a - (111) op [N]<5 ppm

continued on next page
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S30b S30 [Lipl0] (111) op [N]<5 ppm

S3la - (111) op [N]<5 ppm

S31b S31 [Lipl0] (111) op [N]<5 ppm

S32b S32 [Lip10] (100) el [N]<5 ppb; [B]<1 ppb

S33b S33 [Lip10] (100) el [N]<5 ppb; [B]<1 ppb

S34a - (100) el "super” polished; [N]<5 ppb; [B]<1 ppb

S34b S34 [Lip10] (100) el "super” polished; [N]<5 ppb; [B]<1 ppb

S35b S35 [Lipl0] (100) el "super” polished; [N]<5 ppb; [B]<1 ppb

S36b S36 [Lip10] (100) - low dislocation density

S37b S37 [Lip10] (100) op [N]<1 ppm; [B]<0.05 ppm

S38b S38 [Lip10] (100) op [N]<1 ppm; [B]<0.05 ppm

S39b S39 [Lip10] (100) Ib [N]<200 ppm; [B]<0.1 ppm

S40a - (100) el "super” polished; [N]<5 ppb; [B]<1 ppb

S4la - (100) el "super” polished; [N]<5 ppb; [B]<1 ppb

S42a - (100) op [N]<1 ppm; [B]<0.05 ppm

S43a - (100) op no polishing; similar to op. grade

S50b S50 [Lip10] (100) - homoepil no polishing; similar to el.
grade

S51b S51 [Lip10] (100) - homoepi2 no polishing; similar to el.

grade

The graphene samples used in this work were epitaxial graphene prepared on the Si

face of SiC substrates using annealing in an UHV setup [Dan10].
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