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Abstract

Focused electron beam induced deposition (FEBID) is a direct beam

writing technique for nano- and micro-structures. By proper selection

of the precursor gas, which is dissociated in the focus of the electron

beam, different functionalities of the resulting deposits can be obtained.

This contribution discusses nano-granular FEBID materials. Quite gen-

erally, nano-granular metals can be considered as tunable model sys-

tems for studying the interplay of electronic correlation effects, quan-

tum size effects and disorder. After the introduction into the FEBID

process a brief overview of the different electronic transport regimes in

nano-granular metals is given. Recent experimental results on electron

irradiation effects on the transport properties are presented. These re-

sults indicate a new methodology for highly miniaturized strain sensor

element fabrication based on the specific electronic properties of nano-

granular FEBID structures.

Introduction

Anyone who has used a scanning electron microscope (SEM) will have noticed that the area

over which the electron beam is rastered for image acquisition tends to become covered with

a thin film of a material which provides a rather low secondary electron yield, i. e. appears

dark. This thin film, of a few nm thickness, is formed by the non-volatile electron beam

induced dissociation products of hydrocarbons adsorbed on the specimen surface. The

hydrocarbons themselves are part of the typical residual gas atmosphere of the SEM’s
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vacuum chamber. Already in 1976 this electron-beam induced dissociation phenomenon has

been used for demonstrating the nano-patterning capabilities of focused electron beam

induced deposition (FEBID) down to the sub-100 nm scale [1]. In the 1980s other gases

were deliberately introduced in SEMs to study the results of dissociation processes with a

view to obtaining deposits which might be able to provide certain functionalities, such as

high metallic conductivity [2 – 4]. In the following years numerous precursor gases were

systematically tested and various 2D and 3D structures were fabricated. Nevertheless, the

beginning of a rather strong increase of activity in this field dates only back eight years.

Since about 2002 the average number of publications and citations in the field of FEBID has

increased by a factor of about 15 [5]. This can be attributed to the availability of high-

resolution SEMs, often in combination with an ion-optical column for focused ion beam

(FIB) processing, with commercial precursor gas injection systems. In parallel to this tech-

nological advancement FEBID, in conjunction with focused electron beam induced etching,

is now routinely used in high-end tools for photolithographic mask repair in the semicon-

ductor industry [6].

In many instances and for a large variety of precursors the structures obtained by the FEBID

process are nano-granular, i. e. they are formed by a composite consisting of metallic nano-

crystallites embedded in an insulating carbonaceous matrix. This has important conse-

quences. On the one hand, the nano-granular structure leads to a significant increase of

the resistivity as compared to that of the pure metal. Consequently, strong efforts are made to

improve on the metal content of FEBID structures with the ultimate goal of reaching 100%

pure metal deposits for a wide range of applications in mask repair and circuit editing. On

the other hand, the nano-granularity influences the elastic properties of FEBID structures.

Recent research has shown examples of very large hardness, approaching that of diamond,

as well as rubber-like behaviour in FEBID nano-pillars depending on the precursor and

process parameters [7]. And finally, the nano-granularity leads to a wealth of exciting

phenomena in the electronic properties of FEBID structures. Nano-granular materials pro-

vide a model system with tunable parameters suitable for studying the interplay of electron

correlations, dimensionality, and the effects of mesoscopic disorder on the electronic proper-

ties; for a recent theoretical review see [8]. From the experimental point of view the study of

the electrical transport properties of nano-granular FEBID structures with particular empha-

sis on correlation effects has begun only recently [9, 10]. Also, it has been recognized that

nano-granular materials hold some promise for strain-sensing applications [11]. This will be

the topic in the last part of this manuscript which will show some very recent results of the

strain-resistance effect in FEBID structures.

The FEBID Process

Figure 1 shows a schematic representation of the FEBID process. Precursor molecules,

supplied close to the focal point of the electron beam by a gas injection system, are

dissociated by the primary electrons, backscattered electrons and secondaries. The primary
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electron beam is rastered over the substrate surface following a predefined pattern. Relevant

process parameters for this raster process are the distance between successive dwell points of

the electron beam (pitch) and the time period over which the electron beam is held at each

dwell point (dwell time). Typical pitches vary between 10 to 100 nm. Dwell times vary

much more strongly. Depending on the precursor and substrate material used, as well as the

desired sample composition and targeted growth regime, the dwell time may a as short as

50 ns but can also be as long as 100 ms. A detailed recent review concerning FEBID and

related techniques can be found in [12].

In the FEBID process the reaction of the electron beam with the precursor molecules

adsorbed on the surface follows a second order kinetics, i. e. the reaction rate is proportional

to both, the surface density of adsorbed molecules and the flux density of the electrons.

From this proportionality one can conclude that all possible intermediate reactions leading to

the final dissociation product (deposit and volatile components) have time scales which are

short when compared to the time between two successive electron impact events. It is these

intermediate reactions and processes of FEBID which are not yet investigated in sufficient

detail.

Figure 1. (a) Schematic representation of the FEBID process. The adsorbed precursor

molecules (orange discs) are dissociated by electron impact (red discs) and a perma-

nent deposit (blue discs) is formed in the focal area of the electron beam. The green

lines indicate exemplary trajectories of electrons leaving the excitation volume. (b)

SEM image of a cantilever structure with pre-defined contact lines. The gas injection

capillary is visible in the upper right. On the left the W tip of a nano-manipulator is

touching the cantilever. (c) Pt-based sensor element between contact pads (left-to-right

structure) and reference element between contact pads (top-to-bottom structure) pre-

pared by FEBID using the precursor MeCpPt(Me)3.

195

Focused Electron Beam Induced Deposition – Principles and Applications



If provided with all necessary input parameters, such as the energy-dependent dissociation

cross sections and the diffusion constants for adsorbed precursor molecules, to name just

two, it is possible to give a semi-quantitative account of the growth rate in FEBID on the

basis of rate equation descriptions. One important ingredient in these calculations is the

spatial distribution of electrons created within the Gaussian beam profile of the focussed

electron beam. This distribution can be obtained from Monte Carlo simulations.

On the microscopic level there are numerous interaction mechanisms during electron impact

on the precursor molecules, such as dissociation (e. g. by dissociated electron attachment),

stimulated desorption, polymerization, and sputtering. For each of these processes an

energy-dependent cross section has to be derived in order to ultimately gain more control

over such aspects as purity, lateral resolution and deposition rate.

There is no theory yet that treats the FEBID process as a multi-scale problem, including

microscopic and mesoscopic length scales and time scales from ultrafast (non-equilibrium

processes occurring within femto seconds) to relatively slow (growth and relaxation pro-

cesses requiring nanoseconds or even microseconds). First steps into tackling this multi-

scale problem are currently being undertaken in the research collaboration NanoBiC funded

by the Beilstein-Institut [13].

Electronic Properties of Nano-granular Metals

At large, structures prepared by FEBID fall into the class of disordered electronic materials

in which disorder exists in varying degree, depending on the process parameters and the

used precursor, ranging from a few impurities in an otherwise well-ordered polycrystalline

host, to the strongly disordered limit of amorphous materials. In between these extremes the

material can have the microstructure of a nano-granular system and is formed of reasonably

well ordered nano-crystallites embedded into a carbon-rich dielectric matrix. For those

FEBID structures which fall into the weak disorder limit electronic transport can be de-

scribed by the scattering of Bloch waves by impurities. The theoretical framework for

calculating the transport coefficients is the Boltzmann equation for the quasi-particles. For

nano-granular and, naturally so, for amorphous materials it is not possible to use this

conceptual framework. Disorder must be included in the theoretical analysis right from the

beginning. This implies that two additional aspects must be taken into account. The first

aspect is Anderson localization, which is related to the (spatial) structure of the wave

function for a single electron in the presence of a random potential. The second aspect deals

with interactions between electrons in the presence of this same random potential. Electron

propagation for highly disordered materials is diffusive which leads to substantial modifica-

tions to the view derived from Landau’s Fermi liquid theory.
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From most of the electronic transport experiments on FEBID structures which can be found

in the literature it becomes readily apparent that such Anderson localization effects, which

are well understood in the weak-disorder limit for uncorrelated electrons, are by far domi-

nated by much stronger effects due to the interplay of disorder and interactions. For the

latter, there is no complete theoretical framework available. In this section the focus will

therefore be on some new developments in the field of disordered electronic materials, and

in particular, on granular electronic systems to which most of the FEBID structures can be

assigned to. The compilation of recent theoretical results is not specific to materials prepared

by FEBID but covers certain aspects of granular electronic metals in general. For an in-depth

study of electronic transport in granular electronic systems, for which as yet no textbooks are

available, the reader is referred to the recent review by Beloborodov and collaborators [8]

and references therein.

Granular metals constitute one-, two- or three-dimensional arrays of (mesoscopically differ-

ent) metallic particles – or grains – which are subject to an inter-granular electron coupling

due to a finite tunneling probability. The arrangement of the particles, with a typical size

range from a few nm to 100 nm, can be regular or irregular. For FEBID structures the tunnel

coupling is provided by the carbon-rich matrix. The matrix may also contain individual

metal atoms or few-atom clusters. It represents itself a disordered electronic system and can

give rise to additional conductance channels due to activated transport between localized

states in the matrix. This has to be taken into account for FEBID structures with a very small

volume fraction of metallic particles. In most instances it can be neglected [14].

Depending on the zero-temperature limit of the electrical conductivity s one discriminates

metallic samples, showing s(T = 0) > 0, and insulating samples, for which s(T = 0) = 0. The

effects of disorder in the grain positions and in the strength of the tunnel coupling are less

important for metallic samples which are characterized by strong inter-granular coupling.

For low tunnel coupling, i. e. for insulating samples, the effects of irregularities become

crucial and have a direct influence on the temperature dependence of the conductivity. As a

consequence of the formation processes in FEBID the obtained samples are highly disor-

dered.

Electric transport within the metallic grains can be considered diffusive. In general, the

grains will have internal defects or defects located at their surface. Trapped charges in the

matrix will change the local potential of individual grains. Even if the elastic mean free path

inside the grains exceeds the grain diameter, multiple scattering at the grain surface leads to

chaotic motion of the electrons which is equivalent to assuming diffusive transport inside the

grains due to intra-granular disorder [15]. Nevertheless, the mean spacing d between the

one-electron levels inside the grains is still a well-defined quantity. It is given by d = 1/NFV

where V ~ r3 is the grain volume and NF denotes the density of states at the chemical

potential. For grains with a diameter of a few nm, as is typically the case for FEBID
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structures, d is of the order of 1 K for metallic grains with density of states of the order of

1 eV71nm73. Accordingly, quantum size effects due to the discrete energy levels are only

relevant at very low temperatures.

The key parameter governing most of the electronic properties of granular metals is the

average tunnel conductance G between neighbouring grains. This is most conveniently

expressed as a dimensionless quantity g = G/(2e2/h) by normalization to the quantum con-

ductance. Broadly speaking, metallic behaviour will be observed, if g ‡ 1, while samples

with g < 1 show insulating behaviour. The normalized conductivity within a grain is denoted

as g0, not to be confused with the quantum conductance 2e2/h, and the notion granular metal

implies that g0 >> g.

Another important parameter is the single-grain Coulomb charging energy EC = e2/2C where

C ! r is the capacitance of the grain with radius r. EC is equal to the change in electrostatic

energy of the grain when one electron is added or removed. For insulating samples charge

transport is suppressed at low temperatures due to this charging energy. In this respect, the

insulating state is closely related to the well-known Coulomb blockade effect of a single

grain connected via tunnelling to a metallic reservoir. The average level spacing can become

larger than the charging energy for small grains r < r*, where r* represents the grain radius

which separates the regimes for which either the condition EC > d or EC < d holds. In

general, the assumption EC >> d is well justified for nano-granular FEBID structures.

Transport Regimes of Nano-granular Metals

The transport regimes of granular metals are classified according to the inter-grain coupling

strength g. In the strong-coupling limit, g >> 1, a granular array has metallic properties. In

the opposite regime g << 1 the array is insulating. The insulating state is a consequence of

the strong Coulomb correlations associated with the single-electron tunnelling. The inter-

grain conductance g is best considered as a phenomenological, effective parameter which

controls the behaviour of the system. For FEBID structures g cannot be exactly derived from

first principles for several reasons, such as the unknown grain size and coupling strength

distribution and the ill-defined electronic properties of the matrix.

As temperature is reduced Coulomb correlation and interference effects become important

also in the metallic regime. As a consequence, simple Drude-like relations do not hold

anymore and the properties of nano-granular metals may differ considerably from those

observed in homogeneously disordered metals.
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Insulating regime

The insulating regime of granular systems with metallic grains is the regime to which most

of the existing work on FEBID structures can be assigned to. If only nearest neighbour

single-electron tunnelling is taken into account the conductivity should follow a simple

Arrhenius law

s(T) * exp[7D/kBT] (1)

as long as a hard energy gap D in the excitation spectrum is present at the chemical potential.

Such an activated behaviour is very rarely observed in FEBID structures. Much more

frequently the conductivity follows a stretched exponential temperature dependence of the

form

s(T)= s0’ exp[7(T0/T)
1 /2] (2)

This functional dependence was derived by Efros and Shklovskii for doped semiconductors

[16]. Until very recently it remained a puzzle why this same functional form should be

obeyed by disordered granular metals in the insulating regime. An early attempt to explain

this behaviour based on capacitance disorder due to the grain-size dispersion was discarded

because capacitance disorder cannot fully lift the Coulomb blockade of an individual grain,

so that a finite gap in the density of states at the chemical potential must remain which

would necessarily lead to an Arrhenius behaviour at low temperature [17, 18]. Experimen-

tally, the same stretched exponential was also observed in periodic arrays of quantum dots

[19] and periodic granular arrays of gold particles with very small size dispersion [20]. In

these systems capacitance disorder was very weak. From this arises the assumption that

another type of disorder, unrelated to the grain-size dispersion, is necessary for lifting the

Coulomb blockade of a single grain and can lead to a finite density of states at the chemical

potential. In recent theoretical work it was suggested that electrostatic disorder, most prob-

ably caused by charged defects in the insulating matrix (or substrate), is responsible for

lifting the Coulomb blockade [18]. Carrier traps in the insulating matrix at energies below

the chemical potential are charged at sufficiently low temperature. They induce a potential of

the order e2/er on the closest granule at a distance r where e denotes the (static) dielectric

constant of the matrix. For two-dimensional granular arrays one can also assume that

random potentials are induced by charged defects in the substrate.

At this point it should be remarked that the simple Arrhenius behaviour can be observed in

artificial, two-dimensional granular metals prepared by FEBID as detailed in [21, 22]. In

these experiments the nano-granular array is formed by taking advantage of the high resolu-

tion of the FEBID process in conjunction with using a precursor, W(CO)6, which tends to

form near amorphous deposits that can have metal contents of about 40 at%. The diameter of
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the individual amorphous grains (ca. 20 nm) leads to a well-defined Coulomb blockade

which dominates the low-temperature transport properties and causes an Arrhenius beha-

viour of the conductivity below about 70 K.

Returning to disordered nano-granular FEBID structures it can be stated that in order to fully

account for the observed stretched exponential there must be a finite probability for tunnel-

ling to spatially remote states close to the chemical potential. This is analogous to Mott’s

argument in deriving his variable range hopping (VRH) law for disordered electronic sys-

tems in the non-correlated case [23]. Hopping transport over distances exceeding the average

distance between adjacent granules in sufficiently dense granular arrays can in principle be

realized as tunnelling via virtual electron levels in a sequence of grains, which is also called

elastic and inelastic co-tunnelling. This transport mechanism was first considered by Averin

and Nazarov as a means to circumvent the Coulomb blockade effect in single quantum dots

[24]. In elastic co-tunnelling the charge transfer of a single electron via an intermediate

virtual state in an adjacent grain to another state in a grain at a larger distance is at fixed

energy. In inelastic co-tunnelling the energies of the initial state and final state differ, so that

the electron leaves behind in the granule electron-hole excitations as it tunnels out of the

virtual intermediate state. The intermediate states are, as the qualification virtual indicates,

not classically accessible. The co-tunnelling mechanism was generalized to the case of

multiple co-tunnelling through several grains and it was shown that the tunnelling prob-

ability falls off exponentially with the distance or the number of grains involved [20, 25, 26].

This is equivalent to the exponentially decaying probability of tunnelling between states near

the chemical potential in the theory of Mott, Efros and Shklovskii for doped semiconductors

[16, 27] and eventually leads to the expression given in Eq. 2. T0 is a characteristic tem-

perature which depends on the microscopic characteristics of the granular material in the

insulating regime.

The hopping length for transport via virtual electron tunnelling decays as the temperature

increases. At some temperature it will be reduced to the average grain size, so that only

tunnelling to adjacent grains is possible. The variable range hopping scenario of Mott, Efros

and Shklovskii no longer applies. It was suggested that the conductivity should then follow

an Arrhenius behaviour [8], as has been observed in ordered granular arrays of gold particles

[20] and in artificial nano-dot arrays prepared by FEBID [21, 22].

Metallic regime

As the metal content in FEBID structures increases the situation gets more complicated. In

principle one can enter the regime of percolation at a critical metal volume fraction y = yc in

the deposits. Such a percolating path of directly touching metallic grains can short-circuit the

remaining part of sample which has activated transport behaviour. Experimentally, this can

be studied by a critical exponent analysis of the dependence of the conductivity vs. metal
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volume fraction s(y) at the smallest accessible temperature. In order to estimate whether

percolation can play a role for a given volume fraction a suitable micro-structural model has

to be applied.

In recent experiments on W-based FEBID structures prepared with the precursor W(CO)6
the behaviour of s(T) shows a qualitative change from activated to non-activated behaviour

as the metal content increases [10]. This is in fact indicative of a insulator-metal transition

as a function of metal content. Apparently, the curvature of s(T) changes sign as the metal-

insulator transition is crossed. From these results it can be concluded that percolation of

directly touching metallic particles is most likely not the reason for the clear change in the

transport mechanism implied by the s(T) behaviour of samples with larger metal content. It

is very likely that the microstructure that forms as the metal content is increased is one in

which (inelastic) tunnelling prevails to large metal concentrations because the metallic nano-

crystals do not touch directly. Rather the tunnelling probability grows with metal content

because of grain size growth and a reduction of the intergrain spacing. The crossover to a

different transport regime is not simply percolative but is tunnelling, albeit in a more

complex form which may need to take into account higher order effects in tunnelling and

also correlations. Micro-structural aspects which have to be kept in mind are that the nano-

crystals may often have a core-shell structure, with insulating shell, which hinders a direct

percolative path to be formed.

A detailed discussion of the present theoretical understanding of the metallic transport

regime of granular metals can be found in [8]. As a main result theory predicts in leading

order a logarithmic temperature dependence of s(T) independent of the dimensionality of

the nano-granular metal. Experimental evidence for this was found transport measurements

on annealed Pt-containing FEBID structures [9]. The possible occurrence of higher order

corrections of the temperature-dependent conductivity have been discussed in [10]. New and

not yet published work of the author’s group on the low-temperature conductivity of elec-

tron-irradiated nano-granular FEBID structures prepared with the precursor Tri-methyl-

methylcyclopentadienyl-platinum MeCpPt(Me)3 give strong indications for the validity of

the theoretical predictions.

Experimental Example

A particularly nice example of influence of the inter-grain coupling strength on the transport

properties of Pt-based nano-granular FEBID structures prepared with the precursor

(CH3)3PtC5H4CH3 (Tri-methyl-methylcyclopentadienyl-platinum) is shown in Figure 2.

Here, a series of identical FEBID structures has been irradiated after deposition by 5 keV

electrons at 1.6 nA for different periods of time as indicated. As is evident from the plot, for

increasing irradiation time the temperature-dependent conductivity shows a cross-over be-

haviour from thermally activated towards metallic. After several hours of irradiation this

201

Focused Electron Beam Induced Deposition – Principles and Applications



temperature dependence has even changed towards that of a simple metal, i. e. the tempera-

ture coefficient of resistance acquires a positive sign which, one could speculate, might be a

signature of beginning percolation between the Pt nano-crystallites.

Figure 2. Temperature dependence of the current through Pt-based FEBID structures

at a fixed bias voltage of 10 mV. Identical structures show strongly different tempera-

ture dependences of their conductance as they have been irradiated in a raster process

for different periods of time with electrons at 5 keV and 1.6 nA current. By electron

irradiation the FEBID structures can be tuned through a insulator-metal transition. The

dashed line indicates the detection limit caused by the finite isolation resistance of the

sample wiring. The inset shows one of the as-grown structures between two gold

electrodes. The image was acquired by non-contact atomic force microscopy. Height

of the deposit is about 120 nm.

Possible reasons for this dramatic change in the conductivity behaviour are irradiation-

induced changes in the average Pt grain diameter and/or the properties of the dielectric

function of the insulating matrix. At 5 keV beam energy the penetration depth of the

electrons into the sensor material amounts to about 120 nm as can deduced from Monte

Carlo simulations [28]. For deposits made with the precursor Pt(PF3)4 volume reduction by

loss of phosphor and fluor in conjunction with Pt grain size growth has been reported [29].

For the precursor used in the present case recent transmission electron microscopy investi-

gations gave no indication for a Pt grain size growth under electron irradiation [30]. Our

preliminary micro-Raman experiments at 633 nm indicate a change of the dielectric matrix’

vibration spectrum from amorphous to nano-crystalline but this needs further elucidation.

Presently one is led to speculate that the inter-grain coupling strength growth as a conse-
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quence of the electron irradiation driving a insulator-metal transition within a tunnelling-

based charge transport regime. If this assumption can be further corroborated by a more

detailed analysis of the micro-structural changes brought about by the irradiation process,

this kind of irradiation-induced conductivity tuning in nano-granular materials would define

a unique and well-controlled handle to studying the correlation-driven metal-insulator tran-

sition in disordered systems.

A quite different but innovative aspect is the application of nano-granular materials in the

area of strain-sensing by strain-induced changes of the electrical resistance or conductance.

Quite generally, the fact that the charge transport is dominated by tunnelling quickly leads to

the conclusion that granular metals might be suitable materials for strain-sensing applica-

tions, since the tunnel coupling has an intrinsically exponential dependence on the inter-

grain distance which is altered under strain; see, e. g., [31] for early work or [32 – 34] for

some recent work on metal-containing diamond-like carbon films.

From the standpoint of a systematic evaluation of the achievable gauge factors k, i. e., the
relative change in resistance normalized to the relative length change in the sensor,

k=[DR/R]/[DL/L] (3)

little has been done to establish an analysis scheme toward the selection of optimized

material parameters which takes the advances in understanding of the charge transport

mechanisms in granular metals into account. In actual fact, only recently a theoretical

framework has been provided [8, 25] which appears to give full account of the phenomen-

ological similarities in the transport properties of disordered semiconductors and granular

metals. In recent work by the author a theoretical methodology for the evaluation of the

intrinsic strain dependence of the electrical conductivity of nano-granular metals is intro-

duced. It aims for providing a solid basis for estimating realistically achievable gauge factors

for strain sensors based on this material class. Details of this theoretical analysis scheme,

which would lead us to far astray at this point, can be found in [11]. In the following section

some recent experimental work is presented which highlights some of the favourable proper-

ties of nano-granular FEBID structures for strain-sensing applications in the field of micro-

and nano-electromechanical systems (MEMS, NEMS).

Application Example – Strain-resistance Effect

The field of MEMS and NEMS as enabling technology for sensor device development is

rapidly progressing, due to the increasing demand for a continuous down-scaling of sensor

functions in different application fields. Different approaches have been followed for nano-

and microscale strain/stress measurements ranging from well-established methods, e. g.

optical and piezoresistive (see [35, 36] and references therein), to methods still being in

their infancy, e. g. carbon nanotubes [37] nanowires [38] and diamond-like carbon films
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[39]. Here some very recent results are presented concerning a methodology for strain

sensing based on nano-granular metals, using Pt-based deposits as a particularly case study

[40]. A specific strength of this methodology is that it does not entail complex fabrication

procedures and is readily adaptable to various sensor applications. The high resolution of the

FEBID technique allows for easy down-scaling of sensor structures to below 100 nm. The

gauge factor for these nano-granular metals depends on the conductivity of the sensor, which

can be tuned by electron-beam irradiation leading to a distinct maximum in the sensitivity.

By in situ electrical conductivity measurements we are able to tune the sensitivity of the

sensor.

Figure 3. (a) Schematic of the cantilever structure made from silicon with Au contact

pads as used in the strain-resistance effect measurements. The length of the cantilever

is 500 mm, its height is 10 mm. The zoomed part indicates schematically the position of

the FEBID-based strain sensor element. (b) SEM image of nano-manipulator tip as it

touches the end of the cantilever causing it to bend. At the fixed end of the cantilever

three FEBID sensor elements are visible as deposits between the electrodes.

In order to measure the sensitivity of the sensor structures deflection measurements on a

cantilever template, as displayed in Figure 3, were performed. The deflection sensitivity for

a rectangular cantilever beam which relates the relative resistance change DR/R to the

cantilever deflection Dz is given by
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�R=R � 1=�z ¼ 3�tðl� L=2Þ=2l3 (4)

where k is the gauge factor of the sensor element, l is the cantilever length, t is the cantilever

thickness and L the sensor element length. The sensitivity of the Pt-based sensors was

measured by deflecting the cantilever of the sensor chip with a closed loop nano-manipulator

while measuring the relative change in resistance as a function of cantilever deflection.

As is shown in Figure 4, the sensor responds with a linear increase in resistance as the

cantilever is deflected. The current-voltage characteristic is also linear (see inset) which was

verified to hold true up to voltages of more than 5 V, which corresponds to an electric field

of more than 2.5 kV/cm.

Figure 4. Relative resistance change of a Pt-based cantilever strain-sensor as the

cantilever’s free end is deflected by Dz. The gauge factor is 12 as indicated. The inset

shows the linear current-voltage characteristics of the sensor element. Data taken at

room temperature.

For the optimization of a given nano-granular material with regard to the strain-resistance

effect the observed dependence of the FEBID structures’ conductivity on electron irradiation

provides a unique tuning capability. As one example of this effect Figure 5 shows the

dependence of the gauge factor on the sensor element’s resistivity as the thickness of the

sensor element is increased. Apart from the resistance reduction brought about by the

increase of the sensor element cross section as the thickness grows, the electron-beam
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irradiation that accompanies each FEBID process does also contribute to the resistance

reduction, as was discussed in the previous section. Apparently, the gauge factor exhibits

a pronounced maximum corresponding to a resistance of about 75 kW which, assuming a

homogenous deposit, amounts to a resistivity of 0.34 Wcm. A more detailed analysis and

attempt to disentangle the pure thickness from the electron irradiation effects can be found in

[40].

Figure 5. Gauge factor of Pt-based FEBID strain sensors fabricated at different beam

conditions as indicated. The measurements were taken in the SEM using a closed-loop

nano-manipulator for cantilever deflection and a Wheatstone-bridge setup in conjunc-

tion with lock-in technique for detecting the resistance change. The different sensor

element resistances are obtained by increasing the thickness of the FEBID deposit.

During the growth process the already formed deposit is subject to continuous electron

irradiation which causes a much stronger reduction of the resistance than the the pure

time-dependent increase of the deposit’s height.

Conclusion

Focused electron beam deposition has developed in the last decade into a versatile technique

for maskless direct beam lithography of functional nano-structures down to the sub-10 nm

scale. Present disadvantages for industry-oriented application are the not yet complete con-

trol over the metal content in FEBID structures and the need for increasing the deposition

yield. It may be concluded that these disadvantages are not inherent to the FEBID process
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itself but rather reflect the present state of the art in precursor research. With a view to basic

science, in particular the field of electronic correlation effects, FEBID does provide a novel

methodology for the fabrication of (artificial) nano-granular structures with tunable proper-

ties. Recent results on the transport properties of artificial nano-dot arrays fabricated by

FEBID suggest that these arrays can provide ideal experimental systems in which to study a

variety of interaction-driven quantum phase transitions predicted to occur in Hubbard-like

models [41] with typical energy scales in the meV regime, despite of the fact that these

models have originally been developed for correlated oxides at typical energy scales of 1 eV.

The usability of these correlation effects in strain-sensing applications [11, 40] is yet another

aspect that indicates that future work in the field of FEBID processing will likely produce

exciting and unexpected results, be it in fundamental or application-driven research.
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