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Abstract

This thesis is a contribution to the study of giant, anomalous piezo-resistance in fully-
depleted silicon micro- and nano-objects. Piezo-resistance in bulk silicon is a technologically
important phenomenon in which mechanical stress changes the electrical resistivity via
a change in the charge carrier effective masses. Nowadays, a wide range of commercial
applications are based on silicon’s piezo-resistance, such as strained-silicon CMOS, strain
gauges, accelerometers, and all-electrical MEMS. As silicon device dimensions are reduced
as described observationally by Moore’s Law, it is of interest therefore to explore and
understand the piezo-resistance of silicon micro- and nano-objects.

In this context giant piezo-resistance and piezo-resistance of anomalous sign have been
reported in silicon nanowires and nano-membranes in recent years, but the physical origin
of these effects remains unclear. In some cases, even the veracity of the claimed results
has been questioned. Some basic elements of the claimed effects are agreed upon by the
entire community, for example the fact that all claims of giant or anomalous piezo-resistance
are made in surface depleted nanostructures i.e. where the surface depletion layer widths
are larger than the smallest dimension of the sample. This places the nanostructures in the
so-called space charge limit where assumptions of local charge neutrality are no longer valid,
where electrical transport is no longer Ohmic, and where transport is described by so-called
space charge limited currents (SCLC).

In this thesis the details of the stress-dependence of the non-equilibrium charge dynam-
ics, in particular charge trapping and emission rates at fast electronic traps, during space
charge limited transport in fully depleted silicon-on-insulator is probed using impedance
spectroscopy. This, combined with an X-ray photo-electron spectroscopy study of statically
deflected silicon cantilevers, strongly suggests that giant, non-steady-state piezo-resistance
in the SCLC regime is due to stress-induced changes to hole trapping dynamics at intrinsic
interface states. In contrast, under steady-state conditions like those used in all previous
studies, giant piezo-resistance is not observed, even in the presence of interface traps. On
the other hand, anomalous piezo-resistance is observed in the steady-state in defect (silicon
divacancy) engineered SCLC devices, and this is shown to be the result of a voltage bias
induced type change of the majority carrier.
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In chapter 1, the history of piezo-resistance in semiconductors from its discovery in
silicon in 1954 will be introduced. The giant and anomalous piezo-resistance, proposed
physical models, and the controversy surrounding the experimental claims, are subsequently
discussed.

Chapter 2 presents the physical description of piezo-resistance in bulk silicon when
transport occurs in the neutral, quasi-equilibrium regime (Drude model). Far from equilibrium
charge transport in the space charge limit is then introduced, including both the large-signal
limit applicable to the steady-state response obtained using DC current measurements, and
the small-signal limit applicable to the non-steady state response obtained using impedance
spectroscopy.

Chapter 3 introduces the experimental details and the samples used throughout this work.
Chapter 4 contains the principal results obtained using impedance spectroscopy. A 25

MPa uniaxial mechanical stress applied parallel to the ⟨110⟩ crystal direction on a (001)
fully-depleted silicon-on-isolator device and giant, anomalous piezo-resistance with a value
of −1100×10−11 Pa−1 and a novel piezo-capacitance are observed under non-steady-state
conditions. Comparison of data with the models introduced in Chapter 2 indicate that the
devices operate in the SCLC regime in the presence of fast traps. By using a stress dependent
form of these models it is argued that the giant, anomalous piezo-resistance results from
the stress dependence of the charge capture (ωc) and emission (ωe) rates of fast traps. This
results in large, stress-induced changes to the concentration of non-equilibrium charge carriers
injected from the device contacts. In an effort to tentatively identify the fast traps responsible
for the observations, the even symmetry of the piezo-response in stress is compared with the
stress-dependence of the Fermi level pinning at oxidized silicon surfaces in the following
chapter. The importance of these observations in clarifying the physical origin, and the
veracity of previous reports of steady-state, giant piezo-resistance, is discussed.

Chapter 5 reports on the Raman spectroscopy and X-ray photo-electron spectroscopy
(XPS) mapping experiments on statically deflected silicon cantilevers whose top surface
is terminated by a native oxide. The comparison of Raman and XPS maps provides a
spectroscopic measurement of the stress-dependence of the pinned surface Fermi level
natively oxidized (001) silicon surfaces. A simplified analysis of the observed even symmetry
of the stress-induced Fermi level shifts suggests that intrinsic interface defects (Pb0) are
likely responsible for the giant, anomalous piezo-response reported in the previous chapter.

Chapter 6 reports the DC applied bias dependence of the piezo-resistance in non-
intentionally doped n−type silicon devices into which silicon divacancy defects have been
engineered by self-implantation of Si+ ions. Using the formalism introduced in Chapter
2, the space charge limited characteristic of the devices exhibit three regimes; an Ohmic



v

regime at low biases where conduction is dominated by equilibrium electrons, a modified
Mott-Gurney regime at intermediate biases where conduction is space charge limited and
dominated by holes injected from p++ contacts, and a plasma regime at high biases where
conduction is space charge limited and non-negligible densities of both electrons and holes
are present in the device. The measured piezo-resistance is shown to depend on the majority
carrier type in each of these regimes; at low biases the usual n−type bulk, piezo-resistance is
observed (i.e. the sign is negative); at intermediate biases the piezo-resistance switches to the
bulk p−type (i.e. positive) piezo-resistance; in the plasma regime, the piezo-resistance is a
combination of the bulk electron and hole values and has a net positive value that is slightly
smaller than the usual bulk, piezo-resistance. As per the observation in chapter 4, no giant
piezo-resistance is observed in the steady state. The results help shed light on observations of
steady-state anomalous (i.e. sign reversed) piezo-resistance in depleted silicon nano-objects.

Finally, chapter 7 summarizes the conclusions and introduces possible future research
directions.





Résumé

Cette thèse apporte une contribution à l’étude des effets géants et anormaux de piézo-
résistance observés dans les micro- et nano-objets en silicium. La piézo-résistance du silicium
massif est devenue, depuis les années 2000, la clé de voûte de nombreuses technologies dont
le ≪strained silicon≫, les capteurs de contraintes, les accéléromètres et autres microsystèmes
tout électriques. Comme l’industrie micro-électronique vise toujours des dispositifs de
dimensions de plus en plus réduites, il est logique d’investiguer le comportement piézo-
résistif du silicium à des échelles spatiales submicronique voire même nanométrique.

Dans ce contexte, depuis une dizaine d’années les nanofils et nano-membranes de silicium
ont révélé l’existence d’une piézo-résistance géante et d’une piézo-résistance d’amplitude
≪normale≫ mais de signe anormal. Cependant l’origine de ces effets reste peu claire et
dans certains cas, la véracité même des observations a été remise en cause. L’ensemble de ces
effets semble corrélé à un appauvrissement en porteurs libres liés à la surface, ce qui place
ces nano-objets dans la limite dite ≪charge d’espace≫, pour laquelle la neutralité électrique
locale n’est plus assurée. Dans cette limite le transport électrique n’est plus ohmique; on
parle alors de courants limités par la charge d’espace (en anglais ≪space charge limited
current≫ ou SCLC) portés par des charges loin de l’équilibre.

Cette thèse met en lumière la dépendance en contrainte mécanique de la dynamique
de charges hors équilibre, et plus spécifiquement la dépendance en contrainte des taux de
capture et d’émission de porteurs libres sur des pièges liés aux défauts cristallins. Pour
ce faire, nous utilisons la technique de spectroscopie d’impédance qui, alliée à la spectro-
scopie de photoémission, suggère très fortement que les pièges électro-mécaniquement actifs
générant la piézo-résistance géante sont les pièges liés aux défauts intrinsèques de surface.
La piézo-résistance géante n’est observée qu’en dehors du régime stationnaire. Dans le
régime stationnaire, situation dans laquelle se situe l’ensemble des études précédentes, nous
n’observons pas de piézo-résistance géante, même en présence des pièges. Par contre une
piézo-résistance de signe anormal est mesurée en régime stationnaire dans le silicium dans
lequel une densité de défauts bien choisis (des bi-lacunes de silicium) a été introduite. Nous
démontrons que cette piézo-résistance anormale est due à un changement de type de porteur
majoritaire induit par la tension appliquée en régime SCLC.
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Le chapitre 1 aborde l’historique de la piézo-résistance en silicium depuis sa découverte
en 1954 jusqu’aux observations controversées de la piézo-résistance géante et anomale dans
les nano-objets en silicium.

Le chapitre 2 présente les modèles physiques de la piézo-résistance dans le silicium massif
en régime de transport quasi-neutre (modèle de Drude). La théorie des SCLCs est ensuite
introduite, à la fois en terme de grand signal, applicable à des mesures de piézo-résistance en
régime stationnaire, et en terme de petit signal, applicable à des mesures effectuées hors du
régime stationnaire avec l’analyseur d’impédance.

Le chapitre 3 présente les dispositifs expérimentaux, les procédures de mesure ainsi que
les échantillons étudiés durant la thèse.

Le chapitre 4 contient les principaux résultats obtenus par la spectroscopie d’impédance.
Une contrainte uniaxe de 25 MPa appliquée le long de la direction cristalline ⟨110⟩ d’un
dispositif fabriqué sur du silicium-sur-isolant donne lieu à une piézo-résistance géante de
−1100×10−11 Pa−1. Nous mettons aussi en évidence un nouvel effet de piézo-capacitance.
Une comparaison des données avec la théorie introduite dans le chapitre 2 indique que les
dispositifs opèrent dans la limite de charge d’espace en présence de pièges électroniques rapi-
des. En prenant en compte la dépendance en contrainte dans ces modèles, nous démontrons
que la piézo-résistance géante résulte de la dépendance en contrainte des taux de capture et
d’émission de ces pièges rapides. Ceci donne lieu à des changements importants de densités
de porteurs hors du régime stationnaire. Pour essayer d’identifier les pièges responsables de
la piézo-réponse, la symétrie paire en contrainte de celle-ci est comparée dans le chapitre
suivant à la symétrie en contrainte du ≪pinning≫ du niveau de Fermi à la surface. Ce
chapitre se termine sur une discussion, revisitée à la lumière de nos résultats, des effets
controversés de piézo-résistance géante publiés dans la littérature.

Le chapitre 5 traite la mesure de la dépendance en contrainte du ≪pinning≫ du niveau de
Fermi de surface, réalisée en combinant cartographie Raman et photoémission rayons X sur
des leviers en silicium statiquement fléchis. La surface (001) des micro-leviers est terminée
par une couche d’oxyde native. Une contrainte uniaxe en tension, ou en compression,
appliquée à la surface supérieure des leviers et parallèlement à la direction cristalline ⟨110⟩
induit un déplacement du niveau de Fermi de surface pair en contrainte. Ceci tend à montrer
que la dynamique de piégeage sur les défauts intrinsèques de surface (type Pb0) et sa
dépendance en contrainte sont à l’origine des effets géants présentés dans le chapitre 4.

Le chapitre 6 aborde les mesures en régime stationnaire de piézo-résistance du silicium
dans la limite de charge d’espace, pour laquelle une densité prédéterminée de bi-lacunes de
silicium a été introduite par auto-implantation d’ions Si+. En utilisant le formalisme introduit
dans le chapitre 2, la caractéristique courant-tension hors contrainte montre trois comporte-
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ments différents: à basse tension une loi ohmique dominé par les électrons majoritaires;
à des tensions intermédiaires une loi de Mott-Gurney modifiée selon laquelle les porteurs
principaux de charge sont les trous hors équilibre injectés depuis les contacts p++; à haute
tension un régime plasma pour lequel un mélange de trous et d’électrons hors équilibre porte
le courant. La piézo-résistance est déterminée par le porteur majoritaire. A basse tension un
comportement du silicium type−n est observé (i.e. de signe négatif) tandis qu’aux tensions
intermédiaires une piézo-résistance similaire à celle du silicium type−p est observée (i.e. de
signe positive, et donc anomale par rapport aux électrons d’équilibre). A haute tension la
piézo-résistance correspond à la somme des valeurs attendues pour le silicium type n et p,
conséquence directe de la présence d’électrons et de trous dans le régime plasma.

Le chapitre 7, tout en résumant les conclusions principales de cette thèse développe
également les directions futures à explorer.
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Chapter 1

Introduction and Context

1.1 History of piezo-resistance in semiconductors

Since the first report of strain-induced changes to the resistance of iron and copper by William
Thomson in 1856 [1], the effects of strain and strain direction on the conductivity of a variety
of conductors, dubbed piezo-resistance (PZR) by Cookson in 1935 [2], have been widely
investigated [3–9]. Base on these previous works, the tensor notation of mechanical stress
applied on single crystal materials, as well as a generalized Hooke’s Law, were used to better
express the PZR effect [10, 11]. The expression of PZR in a crystalline solid is generally
written as:

πi jkl =
∆1

ρi j,0

∂ρi j

∂Xkl
(1.1)

where tensor notation has been used. The stress, X , is written in tensor form, as is the
resistivity ρi j, yielding a PZR π-coefficient, πi jkl . Here, ρi j,0 is the zero-stress resistivity. In
this thesis we will be concerned only by situation in which the mechanical stress is applied
parallel to the direction of current flow in cubic crystals. In this case, a scalar longitudinal
π−coefficient can be defined:

πl =
1
ρ0

∂ρ

∂X
. (1.2)

Moreover, the applied stresses used throughout correspond to strains of at most 10−3. In this
case geometric stress-induced changes to the resistance are negligible, and we may write:

πl =
1

R0

∂R
∂X

≈ 1
X

∆R
R0

, (1.3)
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where ∆R is the stress-induced resistance change, and R0 is the zero-stress resistance.
The PZR π−coefficient of a large number of metals is summarized according to Bridg-

man’s effort [12, 13] and shown in Fig. 1.1. The measured PZR π−coefficients are repre-
sented as circles around the elements in the periodic table. The radius of these circles is
proportional to the logarithm of the measured PZR π−coefficient. The obvious variation of
circle radius along the rows and down the columns demonstrates that PZR is an electronic
structure effect [14]. The details of how mechanical stress modifies silicon’s electronic
structure will be given in section 2.2.

Fig. 1.1 The measured PZR π−coefficient of metals under hydrostatic pressure according to
Bridgman’s work [12, 13] are represented as circles around the elements in the periodic table.
The radius of each circle corresponds to the logarithm of the measured PZR π−coefficient.
Shaded circle (for example, Li) means the resistance increases with increasing pressure,
i.e. the PZR π−coefficient is negative, while the white circles correspond to decreasing
resistance with increasing pressure, i.e. the PZR π−coefficient is positive. The elements
without circles means that these metals were not measured. Extracted from Ref. [14]

After more than 80 years of study the first application of PZR was the metallic strain
gauge as proposed by Edward Simmons [15]. The single crystal semiconductors in general
have higher PZR than metallic conductors [16], and have subsequently found applications
as high sensitivity strain gauges. In 1954, the important experiment on PZR of silicon and
germanium was reported by Smith [17], and a large PZR was reported. The longitudinal
PZR π−coefficient, πl , along the ⟨110⟩ crystal direction for n− and p−type silicon are
−31×10−11 Pa−1 and 71×10−11 Pa−1 respectively [17]. The red circle in Fig. 1.1 corre-
sponds to πl = 100×10−11 Pa−1 for n−type silicon along the ⟨100⟩ direction and it can be
seen that the PZR of bulk silicon is already large compared to most metallic elements. Kanda
subsequently, graphically presented the angular variation of the PZR π−coefficients for n−
and p−type bulk silicon [18]. Since then, PZR in silicon has found many applications such



1.2 Reports of giant piezo-resistance in nano-silicon 3

as pressure, force and inertial sensors. Perhaps most importantly, stressed silicon is one of
the key elements of the The International Technology Roadmap for Semiconductors (ITRS)
[19]. A famous application of stressed silicon is shown in Fig. 1.2 as an example. Uniaxial
compressive stress is applied along the ⟨110⟩ crystal direction on a 45 nm p−type MOSFET
by a Si1−xGex deposition layer, whereas a uniaxial tensile stress is applied along ⟨110⟩ crystal
direction on n−type MOSFETs via deposition of a nitride-capping layer [20]. In both cases,
the charge carrier mobilities are increased resulting in increases in the transconductance gain.
The explanation for this increase in mobility can be found in section 2.2.

Fig. 1.2 TEM graphs of a 45 nm p−type and n−type silicon MOSFETs. The direction of
arrows indicates that the compressive stress is applied on the p−type silicon MOSFET, while
tensile stress is applied on the n−type silicon MOSFET. This results in increased electron
and hole mobilities which improves the transistor performance. Extracted from Ref. [20]

1.2 Reports of giant piezo-resistance in nano-silicon

The order of magnitude of PZR π−coefficients in silicon has been shown in the previous
section. However, a so-called giant piezo-resistance (GPZR) with much larger magnitude
was reported in bottom-up grown, (110)-oriented, p−type silicon nanowires (SINWs) by
He and Yang [21] in 2006,a variety of SINWs with variable diameters and resistivities were
tested. Fig. 1.3(a) shows an example of used SINW. The current-voltage characteristics
are measured under compressive and tensile stress shown as Fig. 1.3(b), which presents
current increases under compressive stresses and decreases under tensile stresses. In the
relative small scale of applied voltage, the current-voltage characteristics are linear. The
non-linearity of (∆σ/σ0) versus X was observed, the slope of which is the PZR. According
to the behaviour of (∆σ/σ0) in stress, the nonlinearities were classified into four categories:
‘I’ represents a relatively linear curve, ‘C’ represents a concave curve, ‘L’ is for curves with
greater slope under compression, and a ‘Z’ curve is convex with compression and concave
with tension. Compared to p−type bulk silicon PZR (shown as a linear dotted line in the Fig.
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1.3(c)), the non-linearity is the first atypical point. The second point is the steep slope shown
in Fig. 1.3(c) which corresponds to πl = 3550×10−11 Pa−1, 50 times larger than the usual
silicon PZR in this crystal direction [17]. This result attracted wide attention since it is the
first experimental measurement of GPZR in SINWs. Indeed, prior works on SINWs didn’t

Fig. 1.3 The principle result of He and Yang’s work [21]. (a) A p-type lateral SINW are
shown between 2 Ohmic metallic contacts as example, the scale bar is 2 µm. (b) The current
of a p-type SINW increases under compressive stresses and decreases under tensile stresses.
(c) Relative variations in conductivity with applied stress, where Four types non-linear
variations are observed and labelled with letters I, C, L and Z. Compared to the variation in
p−type bulk silicon sample (dotted line), the slopes are much steeper. (d) The PZR plotted
as a function of resistivity and diameter of SINWs. PZR up to 30-50 times larger than bulk
effect in p−type silicon are reported in SINWs with high resistivities and small diameters.
Extracted from Ref. [21]

show a giant effect. Polycrystalline nanowires [22] and top-down fabricated single crystal
SINWs [23, 24] show a 50 % increase in PZR over the bulk effect but this was attributed to
stress concentration effects. Much later, stress concentration effects were also shown to yield
apparent GPZR [25]. (Apart from the first report of GPZR [21], the GPZR also reported by
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several other groups [26–29]. Interestingly, almost all GPZR were measured in samples with
either or both high resistivity and small dimension.)

To explain the GPZR in SINWs, initial work focused on a physical description based
on a quantum mechanical confinement effects [30–33]. According to these models GPZR
appears when the minimum dimension of the sample (the diameter in the case of SINWs) is
comparable to few nanometers. Indeed, unusual PZR has been observed in inversion layers at
silicon surfaces [34]. However, in the recent experimental GPZR literature, minimum device
dimensions are significantly larger than the quantum length scale. This significantly weakens
arguments based on quantum confinement effect.

It is important to note that GPZR is always reported in silicon nanowires with small
diameter and high resistivity, in other words, the GPZR was apparently observed only in
carrier-depleted nanowires which are characterized by the diameter d being smaller than the
depletion layer width W .

1.3 Proposed physical description of giant piezo-resistance
(GPZR)

An oxidized silicon surface contains dangling bonds, surface defects, and disorder that leads
to a distribution of localized surface states shown as short lines in Fig. 1.4. The density of
these surface states is approximately the same order of magnitude as the density of surface
atoms [35]. At such high densities, the surface Fermi level falls near a peak in the surface
density of states labelled ET , and one speaks of surface Fermi level pinning. In order to fill
the surface states of energy lower than ET charge in removed from the near surface Bloch
band leading to band bending and a surface space charge layer (SCL) of width W shown in
Fig. 1.4 for p−type material.

Imagine the initial contact between the surface and bulk. In order to attain equilibrium
the Fermi levels of the surface and the bulk must align and this is achieved via a transfer of
holes from the valence band to the surface states, leaving behind the negatively charged bulk
acceptors. This space charge results in an internal electric field in the band bending region
which opposes the transfer of holes to the surface. The transfer continuous until the internal
electric field perfectly balances the transfer of holes via diffusion at which point the SCL has
a W given by [36]:

W =

√
2εψS

qNA
. (1.4)
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Fig. 1.4 P−type silicon energy band diagram. The surface bands downward bend due to
surface states, the surface potential ψS is measured with respect to the intrinsic Fermi level Ei
and is equivalent to zero in the bulk silicon. In case of high surface states density, the Fermi
level is pinned at the mid of band gap.

Here ε is dielectric constant, NA is acceptor concentration. The initial difference in Fermi
levels at the surface and in the bulk appears as a surface potential ψS whose value is related
to ET as shown in Fig. 1.4. According to Boltzmann statistics the density of holes in the
valence band at the surface is then [36]:

pS = pp0exp(−qψS

kBT
), (1.5)

where pp0 is the equilibrium density of holes in the p−type bulk silicon, kB is Boltzmann’s
constant and T is absolute temperature in Kelvin.

Three regimes are shown in Fig. 1.5 according to the surface depletion layer width
value. In the case of highly p−type doped bulk silicon resistor, since both resistor sides are
exposed in the air, the native oxide layers are therefore formed on both sides. If the smallest
dimension, d is much larger than the depletion layer width, W, as shown in Fig. 1.5(a). The
energy bands in the gray regime do not bend, this regime is defined as the bulk channel, in
this channel, the Fermi level is flat, dopant dominates the thermal equilibrium charge carriers,
the free carriers in the surface depletion area are negligible. According to Eq. (1.4), the
depletion layer width W can be increased by reducing the doping concentration until d is
comparable to 2W as shown in Fig. 1.5(b) and the bulk channel no longer exists. Charge
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transport parallel to the surface then occurs in the SCL i.e. it is an SCLC. The energy band
bending is still visible, however the bulk channel is pinched-off by surface potential [37].
When W ≫ d, the energy bands are completely flat as shown in Fig. 1.5(c).

Fig. 1.5 A schematic energy band of p-type silicon. The ratio between depletion layer width
W and smallest dimension of device d defines the limits of charge transport. In the case
of d ≫W , the gray bulk channel short circuits the surface depletion areas, thermal dopant
excitons dominates surface excitons. When d ≈ 2W , the bulk channel is pinched-off, the
thermal surface states excitons begin to dominate the free charge carriers. In the extreme
condition d ≪W , the energy bands are flat, the dopants are negligible, this semiconductor
device is more like insulator.

Since GPZR is only measured in silicon nanowires with the smallest diameters (d) and
highest resistivities, according to the energy schema in Fig. 1.5(c), it was postulated that
the GPZR is related to the stress dependence of the pinned surface Fermi level [37]. In this
so-called piezo-pinch model, the surface Fermi energy varies linearly in stress resulting in
exponential changes in the carrier density according to Eq. (1.5). This is fundamentally
different from the usual bulk PZR which is due to the stress dependence of the mobility (see
section 2.2). The piezo-pinch model seems to describe well the initial report of GPZR [21]
and a variation of it was used to qualitatively describe the PZR of SINMs [29]. Moreover,
the PZR of SINWs was shown to depend strongly on the surface crystal facets [26], further
lending support to the notion that the stress dependence of the surface states is related to
GPZR [27].

1.4 Absence of GPZR in Si nano-objects

This is not the end of the story as many other groups reported PZR similar to the bulk effect
even in the space charge limited regime [23, 26, 28, 38–43]. It is unclear why such different
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PZR behaviour has been measured in very similar nano-objects. Milne’s work [38] offers
a controversial explanation of this and posed the question: does GPZR really exist? As
is well known, for a depleted sample (d ≪ W ), the measured current will drift with time
independent of stress. The behaviour of the drift depends on the applied voltage or previously
applied voltage due to dielectric relaxation of positive and negative charge traps at Si/SiO2

interface or in the SiO2 layer [38, 44, 45]. As shown in Fig. 1.6(a) two measured currents as
a function of time with zero (red curve) and 13 MPa compressive (blue curve) stress applied
using the stress modulation technique. At t = 0, the voltage Vds = 0.5 V is applied on the
a 200 nm × 2000 nm × 30 µm depleted silicon nano-ribbon, the current drift can be seen
due to surface traps dielectric relaxation. The current is expected to drop back to relative
constant when all the traps are relaxed and for t > 8000 s, the current is tentatively constant.
But during the relaxation time, the current drift can be significantly larger than stress-induced
current changes. However, the PZR measured by stress modulation technique can ignore
the dielectric relaxation effect, allow us to measured only bulk PZR as shown in Fig. 1.6(b).
This suggests that if the stress modulation technique is not used, separation of true PZR from
current drift is difficult and may lead to a false identification of GPZR.

Other groups who used the stress modulation technique also observe bulk PZR, even
in the space charge limit (d ≪ W ) [28, 46]. Another possible explanation for the GPZR
is geometric stress concentration and McClarty [25] reported PZR of giant magnitude in
top-down fabricated SINWs due to this. Putting this possibility aside, to date nobody has
claimed GPZR when using the stress modulation technique.

1.5 Anomalous piezo-resistance

Apart from GPZR, an anomalous piezo-resistance (APZR), i.e. of opposite sign but similar
magnitude to bulk PZR, has been observed by many groups as well.

Lugstein et al. measured PZR of a set of intrinsic p−type vapor-liquid-solid (VLS) grown
silicon nanowires by applying various uniaxial tensile stresses, from low to ultra-high stress
[46]. While positive bulk-like PZR was observed at low-level stress, APZR was observed
at ultra-high stress as shown in Fig. 1.7(a). Jang et al. reported APZR in highly doped
p−type (∼ 1017 cm−3) silicon nano-membranes (SINMs) with varying thickness from 15
nm to 100 nm [47]. The principal result is shown in Fig. 1.7(b) in which the relative change
in resistance of SINMs as a function of time with various thicknesses of samples is shown.
The green zone means the 0.3 % tensile strain is applied on the SINMs, while the white zone
is a stress-free period. It is seen that the bulk-like PZR is observed in the thickest SINMs
but that it decreases as thickness decreases, eventually changing sign in the thinnest SINMs.
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Fig. 1.6 (a) Current of a n−type nano-ribbon with 0 MPa and 13 MPa compressive stress
respectively. The dielectric relaxation of traps induced current drift will significantly affect
the measurement of PZR. The inset indicates the sequence of measurements used in the
stress modulation technique. (b) Relative conductance change measured by stress modulation
technique, which is only due to stress. Extracted from Ref. [38]

Fig. 1.7 (a) Relative changes in resistivity as function of strain of SINWs with 100 nm
diameter. The symbols correspond to different SINW lengths. Extracted from Ref. [46]. (b)
Relative changes in resistance versus time for different thickness of SINMs. Extracted from
Ref. [47]
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Table 1.1 Observed PZR in SINMs with variable thickness [47].

Thickness (nm) π/10−11 (Pa−1) Depleted
100 +60 No
60 +5 No
40 -20 Yes
30 -80 Yes
15 -114 Yes

The results are summarised in Table 1.1. For the SINMs with 100 nm thickness the PZR
π−coefficient is about 60×10−11 Pa−1, whereas it changes sign at a thickness of 40 nm,
and is equal to −114×10−11 Pa−1 at a thickness of 15 nm.

The stress modulation technique [38] is used in these experiments [46, 47] in order to
separate resistance drift due to dielectric relaxation. Therefore the measured PZR is reliable.
The APZR is likely linked to the surface states [29, 48], since the APZR is always observed
in the large surface-to-volume ratio of silicon nano-objects, almost all of these devices are
depleted. Lugstein realized this phenomenon and use the chemical technique to deposit the
different cover layer on the surface of p−type SINWs to modify the nature of surface states.
SINWs with as grown native oxide and Al2O3 deposition present p−type conduction, then
positive, similar to p−type bulk-like PZR has been measured. SINWs with SiO2 coated
deposition presents n−type conduction, thus a negative PZR is obtained, it consists with
the n−type bulk-like PZR. So that, the APZR might be non-existent, it only depends on the
conduction of SINWs sample [48]. In other words, surface states play a dominant role in the
electrical properties, further in PZR for the depleted samples.

1.6 Conclusion

From the discussion above, the current state-of-the-art in nano-silicon PZR becomes clearer.
In experiments where the stress modulation technique is used to separate resistance drift
from true PZR, only anomalous PZR is measured and reported. Reports of GPZR may be the
result of resistance drift due to dielectric relaxation, or perhaps simply the result of stress
concentration. The existence of a true GPZR is still unclear.

Recent reports of PZR in p−type silicon nano-objects are arranged in order of published
year and shown in Fig. 1.8. Depleted nano-objects are presented as red dots, whereas charge
neutral objects are shown as black dots. The measured values of PZR are separated into three
regions: GPZR (top blue region), bulk-like PZR (middle gray region) and APZR (bottom
yellow region). All reports of giant or anomalous PZR, are made in nano-objects with
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the smallest dimensions and the highest resistivities i.e. in the space charge limited. For
more heavily doped samples where W ≪ d, the measured PZR is bulk-like. Therefore, the

Fig. 1.8 Time line of mainly reported giant, anomalous PZR in p−type silicon nano-objects.
Depleted nano-objects are presented by red dots, otherwise presented by black dots.

depletion layer width is the keyword for observing the giant and anomalous PZR in silicon
nano-objects, the structure and current-voltage characteristic of devices are shown in Table.
1.2. The symbol ‘-’ presents the missing information from the literature. Since many groups
use semiconductor parameter analyzer to sweep DC voltage applied on the device in order
to obtain current-voltage characteristic, the PZR measured by this method are labelled as
‘voltage swept’. For depleted silicon nano-objects, the resistance is always very high, and
although the electrodes are Ohmic contacts, the measured current-voltage characteristic is
non-linear [25, 46, 48, 49]. This is symptomatic of the so-called space-charge-limited current
(SCLC) regime. In this limit the current is principally carried by a significant density of
non-equilibrium charge carriers injected into silicon nano-objects from the contacts. For
applied DC voltages in the SCLC limit, the current is proportional to the square of the voltage
(see section 2.3). For all the reports of PZR in the literature mentioned above, this DC
measurement method is used. Nobody has previously attempted PZR measurements in the
small-signal limit in the SCLC regime. However, as is well-known, the impedance of SCLC
samples is frequency dependent (see section 2.3), so that the PZR may possibly depend
on the frequency as well. Giant or anomalous PZR may be dependent on the frequency of
the applied AC voltage, and it is important and novel contribution to explore the frequency
dependence of the giant and anomalous PZR effect (see Chapter 4).
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Table 1.2 Summary of longitudinal π−coefficient in bulk and nanostructured silicon.

Ref. PZR type Depleted Structure I-V response
[21] Giant Yes Lateral nanowires Linear
[23] Bulk No Lateral nanowires Linear
[24] Bulk No Lateral nanowires Linear
[26] Giant Yes Lateral nanowires - (voltage swept)
[27] Bulk No Lateral nanowires - (voltage swept)
[28] Bulk Yes Lateral nanowires Linear (voltage swept)
[38] Bulk Yes Lateral nanowires Linear (voltage swept)
[50] Giant Yes Lateral nanowires -
[41] Bulk No Lateral nanowires Linear
[41] Giant Yes Lateral nanowires -
[47] Anomalous Yes Nanomembranes -
[46] Anomalous Yes Lateral nanowires Nonlinear
[48] Anomalous Yes Lateral nanowires Nonlinear
[49] Giant Yes Lateral nanowires Nonlinear
[51] Bulk No Bulk silicon Linear

1.7 Objectives of this thesis

Exploring and understanding the existence and origin of giant and anomalous PZR in nano-
silicon is the main objective of this thesis. To do this, impedance spectroscopy will be used
as an entirely new experimental approach to the problem. Unlike the DC current-voltage
techniques used previously by all groups including our own, this method potentially gives
access to the characteristic physical time scale associated with space charge limited transport.
It will be seen that this characteristic time corresponds to the charge trapping and emission
rates as fast electronic traps associated with intrinsic interface defects (see Chapters 4 and 5).
It will be shown explicitly that stress-induced modifications to these trapping and emission
times can result in both giant and anomalous PZR under certain conditions (see Chapter 4).
The first attempts at deliberately introducing volume defects into silicon will be shown to
yield APZR under DC conditions, and it will be demonstrated that this is due to a charge
carrier type change induced by the applied DC voltage in the SCLC limit.



Chapter 2

Background theory

In this chapter, the basic idea and fundamental concepts of silicon PZR are established,
in particular how mechanical stress changes the electronic structure of bulk silicon. In
section 2.1, the theoretical relations between stress, resistivity, and resistance are discussed.
The expressions for and the experimental values of the bulk longitudinal and transverse
π-coefficients are introduced. In section 2.2, the physical understanding of n−type and
p−type bulk PZR are established, and are shown to be principally due to stress-induced
changes in the effective mass of charge carriers. In section 2.3, space charge limited current
(SCLC) transport in semiconductor is introduced and an approximate analytical model for
the steady-state and non-steady-state impedance are given. The effect of fast charge traps on
the impedance is then discussed. In section 2.4, the voltage dependence of the trap emission
rates due to Poole-Frenkel like effects is introduced. These concepts are important for the
interpretation of the data presented in Chapter 4 and 6.

2.1 Effect of mechanical stress on electronic structure

The strain, εlong, refers to the relative deformation of a material parallel to the applied
mechanical stress, εlong = ∆l/l, where ∆l is the stress-induced length change, and l is
the zero-stress length. Poisson’s effect dictates that a change in the dimensions along the
transverse direction, εtrans according to: ν = −dεtrans/dεlong. Here ν is Poisson’s ratio.
According to the definition of the resistance (R) are of a rectangular parallel-piped material,

R =
ρl
A
, (2.1)

where ρ is the resistivity and A is the cross-sectional area of the material. The mechanically
stressed resistance can be written R′ = ρl(1+ εlong)/(A(1−νεlong)

2), so that the relative
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resistance change due solely to stress-induced geometry changes is:

R′−R
R

=

(1+εlong)

(1−νεlong)2 −1

1
≈ εlong(1+2ν) (2.2)

for the case of εlong ≪ 1. For volume conservation ν equals 0.5 so (R′−R)/R = 2εlong. In
addition to geometry changes, mechanical stress can also modify the material’s resistivity.
This phenomenan is known as PIEZO-RESISTIVITY. In this case, Eq. (2.2) must be
re-written:

R′−R
R

=
∆R
R

= εlong(1+2ν)+
∆ρ

ρ
. (2.3)

The geometry and resistivity induced changes in resistance are presented as the first and
second terms in Eq. (2.3) respectively. For silicon, since the first term is generally much
smaller than second the term, the first term is usually ignored (see section 2.2). The piezo-
resistivity is independent of geometric structure and can be described by a π-coefficient
already given in Eq. (1.1):

∆ρ

ρ0
= πX. (2.4)

In the case of small relative changes in ρ , ∆ρ/ρ ≪ 1, ∆ρ/ρ0 can be expressed as ∆ρ/ρ0 ≈
−∆σ/σ0 = πX, where σ = 1/ρ is the electrical conductivity and X is the mechanical stress.

In general ρ and X are second order tensors, while π is a fourth order tensor. Using
Einstein’s notation, Eq. (2.4) becomes:

∆ρi j

ρ0
≈−

∆σi j

σ0
= πi jklXkl, (2.5)

The indices (i,j,k,l) vary from 1 to 3, hence ρi j and Xkl contain 32=9 independent components,
while πi jkl contains 34=81 independent components. Onsager’s relations for the resistivity
and stress tensors dictate however that πi jkl = π jikl , so the number of independent components
can be reduced to 45. The six-vector notation is often applied in Eq. (2.5), which becomes:

∆ρm

ρ0
≈−∆σm

σ0
= πmnXn. (2.6)

The indices (m,n) vary from 1 to 6, and the piezo-resistivity tensor is further reduced to 36
independent components. For the cubic symmetry of silicon (face-centered cubic unit cell),
there are only 3 non-zero independent components (π11, π12 and π44) in the piezoresistivity



2.1 Effect of mechanical stress on electronic structure 15

Table 2.1 π-coefficients in bulk p−type and n−type silicon at room temperature [17].

Type π11 π12 π44
10−11 Pa−1 10−11 Pa−1 10−11 Pa−1

n -102.2 +53.4 -13.6
p +6.6 -1.1 +138.1

tensor [52], so that the π−coefficient tensor becomes:

π =



π11 π12 π12 0 0 0

π12 π11 π12 0 0 0

π12 π12 π11 0 0 0

0 0 0 π44 0 0

0 0 0 0 π44 0

0 0 0 0 0 π44


. (2.7)

Among the piezo-resistivity coefficients, π11 describes the piezoresistive effect along one
principal crystal axis for stress along this principal crystal axis (longitudinal piezoresistive
effect), π12 describes the piezoresistive effect along one principal crystal axis for stress
directed along one of the other perpendicular crystal axes (transverse piezoresistive effect),
and π44 describes the piezoresistive effect induced by in-plane shear stress. The value of
the π-coefficient components depends on whether one is considering the conduction or the
valence band i.e. on whether one is considering n−type or p−type material [18]. According
to Smith’s pioneering experimental work on silicon PZR [17], the value of the π-coefficients
are given in Table 2.1. The physical origin of this non-zero value of the π−coefficient will
be given in the section 2.2.

Resistivity tensor

The piezo-resistivity effect and its tensor in silicon is discussed above. To correctly measure
the π-coefficients of silicon we need to consider the direction of the applied electrical field E⃗
and the current density J⃗. According to Ohm’s law, E⃗ = ρ J⃗, where E⃗ and J⃗ are vectors. In
the matrix form, Ohm’s law is:

Ex

Ey

Ez

=

ρxx ρxy ρxz

ρyx ρyy ρyz

ρzx ρzy ρzz




Jx

Jy

Jz

 . (2.8)
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Note that Eq. (2.8) is valid only for the quasi-equilibrium transport case where charge
neutrality holds (Drude’s limit). In the space charge limit to be considered later in this thesis,
when injected charge carriers appear densities much greater than the equilibrium values and
the current-voltage characteristic, is no longer linear. In this case, Eq. (2.8) is no longer valid.
Nevertheless, here we focus on Ohm’s law in order to better understand the expressions
for the bulk PZR. According to Onsager’s theorem [53], the resistivity tensor is symmetric,
i.e. ρi j = ρ ji. By using the notation ρ1 = ρxx, ρ2 = ρyy, ρ3 = ρzz, ρ4 = ρyz, ρ5 = ρzx and
ρ6 = ρxy, the resistivity tensor becomes:

ρ =

ρ1 ρ6 ρ5

ρ6 ρ2 ρ4

ρ5 ρ4 ρ3

 . (2.9)

It can be shown [54] that the cubic symmetry of silicon imposes for the constraints on the
elements of this tensor, in particular that ρ1 = ρ2 = ρ3 = ρ0 and ρ4 = ρ5 = ρ6 = 0. Thus,

Ex

Ey

Ez

=

ρ0 0 0
0 ρ0 0
0 0 ρ0




Jx

Jy

Jz

 . (2.10)

Here ρ0 will denote the zero-stress resistivity. Once the crystal is deformed by a stress, its
symmetry is changed and Eq. (2.10) is no longer valid. The relationship between E⃗ and J⃗
needs to be redefined. By using Eq. (2.7), the resistivity after stress is applied on the silicon:



ρ1

ρ2

ρ3

ρ4

ρ5

ρ6


=



ρ0

ρ0

ρ0

0
0
0


+ρ0



π11 π12 π12 0 0 0

π12 π11 π12 0 0 0

π12 π12 π11 0 0 0

0 0 0 π44 0 0

0 0 0 0 π44 0

0 0 0 0 0 π44





X1

X2

X3

X4

X5

X6


(2.11)

where X1 = Xxx, X2 = Xyy, X3 = Xzz, X4 = Xyz, X5 = Xzx and X6 = Xxy. For example, in the
six-element notation, a stress with magnitude of X0 applied parallel to ⟨110⟩ crystal direction
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is:

X =



X0/2
X0/2

0
X0/2

0
0


. (2.12)

This crystal direction is the most relevant for this thesis, and expressions for the longitudinal
and transverse PZR will be discussed along in this ⟨110⟩ direction. To further understand
how stress direction will influence PZR rotations of the coordinate system will be discussed.

Rotations of the coordinate system

The Cartesian coordinate system O-XY Z shown in Fig. 2.1 [55] may be rotated to a new
coordinate system O-X ′Y ′Z′ as shown. The relationship between O-XY Z and O-X ′Y ′Z′ can
be described by three rotation angles (θ , φ and ψ) which are known as Euler’s angles. The

Fig. 2.1 Coordinate rotation angles used to determine for different crystal directions. Ex-
tracted from [55]

relationship between the two coordinate systems O-XY Z and O-X ′Y ′Z′ is described by three
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independent matrices A, B and C, which correspond to the three rotation operations:

A =

sinφ −cosφ 0
cosφ sinφ 0

0 0 1

B =

1 0 0
0 cosθ sinθ

0 −sinθ cosθ

C =

−sinψ cosψ 0
−cosψ −sinψ 0

0 0 1

 (2.13)

The product of the matrices A, B and C is the general rotation matrix, i.e., the transformation
matrix M:

M = ABC

=

 cosψ cosθ cosφ − sinψ sinφ cosψ cosθ sinφ + sinψ cosφ −cosψ sinφ

−sinψ cosθ cosφ − cosψ sinφ −sinψ cosθ sinφ + cosψ cosφ sinψ sinφ

sinθ cosφ sinθ sinφ cosθ

 ,

(2.14)

so that the relationship between two coordinate systems O-XY Z and O-X ′Y ′Z′ can be ex-
pressed by operating with the transformation matrix:x′

y′

z′

= M

x
y
z

=

l1 m1 n1

l2 m2 n2

l3 m3 n3


x

y
z

 , (2.15)

where li, mi and ni, i ∈ {1,2,3} are the direction cosines. In the O-X ′Y ′Z′ coordinate system,
the relationship between electric field and current density can be expressed as:

E ′ = ρ
′J′. (2.16)

Using the transformation matrix in Eq. (2.16), we have:

E = ρJ = M−1
ρ
′MJ. (2.17)

Then the expression ρ ′ = Mρ M−1 could be obtained from Eq. (2.17). Further developing
this equation, the transformation matrix between ρ ′ and ρ in 6-vector notation can be written
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here:

ρ ′
1

ρ ′
2

ρ ′
3

ρ ′
4

ρ ′
5

ρ ′
6


=



l2
1 m2

1 n2
1 2m1n1 2n1l1 2l1m1

l2
2 m2

2 n2
2 2m2n2 2n2l2 2l2m2

l2
3 m2

3 n2
3 2m3n3 2n3l3 2l3m3

l2l3 m2m3 n2m3 m2n3 +m3n2 n2l3 +n3l2 m2l3 +m3l2
l3l1 m3m1 n3m1 m3n1 +m1n3 n3l1 +n1l3 m3l1 +m1l3
l1l2 m1m2 n1m2 m1n2 +m2n1 n1l2 +n2l1 m1l2 +m2l1





ρ1

ρ2

ρ3

ρ4

ρ5

ρ6


= α



ρ1

ρ2

ρ3

ρ4

ρ5

ρ6


(2.18)

The simplified notation for Eq. (2.18) is ρ ′ = α ρ , α is the transformation matrix shown in
the last formula. The coordinate transformation relationship can also be used in stress and
piezo-resistance tensor, like X ′ = αX and (ρ/ρ0)

′ = α ρ/ρ0.
Similar to the process used in Eq. (2.17), the relationship between π ′ and π can be

extracted and shown to be:

π
′ = απα

−1. (2.19)

According to Eq. (2.19), the components of π ′ can be written by the relation:

πi j =
6

∑
k,l=1

αikπklα
−1
l j . (2.20)

Using Eq. (2.20), for example, the rotated π−coefficient π ′
11 and can be written as:

π
′
11 =

6

∑
k,l=1

α1kπklα
−1
l1 , (2.21)

where πk,l is the piezo-resistance coefficient tensor shown as Eq. (2.7). Since πk,l has 12
non-zero components which composed of 3 independent components, π11, π12 and π44, the
rotated π−coefficient π ′

11 can be simplified as:

π
′
11 = π11(α11α

−1
11 +α12α

−1
21 +α13α

−1
31 )

+π12(α11α
−1
21 +α12α

−1
31 +α12α

−1
11 +α12α

−1
31 +α13α

−1
11 +α13α

−1
21 )

+π44(α14α
−1
41 +α15α

−1
51 +α16α

−1
61 ) (2.22)



20 Background theory

The components of α are shown in Eq. (2.18), similarly the components of α ′s transposed
matrix α−1 are also easy to obtain. Since that, we have:

π
′
11 = π11(l2

1 l2
1 +m2

1m2
1 +n2

1n2
1)

+π12(l2
1(m

2
1 +n2

1)+m2
1(l

2
1 +n2

1)+n2
1(l

2
1 +m2

1))

+π44(2m2
1n2

1 +2n2
1l2

1 +2l2
1m2

1) (2.23)

By using the relationship for the direction cosines, l2
i +m2

i + n2
i = 1(i = 1,2,3) and lil j +

mim j +nin j = 0(i ̸= j), the π ′
11, i.e. the longitudinal π−coefficient can be expressed as:

πL = π
′
11 = π11 −2(π11 −π12 −π44)(l2

1m2
1 +m2

1n2
1 + l2

1n2
1) (2.24)

Similarly, transverse π-coefficient πT are able to be expressed as [17, 18]:

πT = π
′
12 = π12 +2(π11 −π12 −π44)(l2

1 l2
1 +m2

1m2
1 +n2

1n2
1) (2.25)

In this thesis we will principally be interested in p−type silicon in which current flows
parallels to the applied stress along the ⟨110⟩ crystal direction. This is the configuration
used in much of the PZR literature concerning nano-silicon, and it also the technologically
important direction for p−channel strained silicon device (see section 1.1). When stress is
applied in the ⟨110⟩ crystal direction on a (001) silicon wafer, there is no rotation of x and y,
i.e. θ and ψ in Fig. 2.1 are zero. The only rotation is around the z−axis by an angle φ as
shown in Fig. 2.1. The transformation matrix M can therefore be written:

M =

l1 m1 n1

l2 m2 n2

l3 m3 n3

=

 cosφ sinφ 0
−sinφ cosφ 0

0 0 1

=


1√
2

1√
2

0

− 1√
2

1√
2

0

0 0 1

 , (2.26)

where φ = π

4 is the angle between the [100] principle axes and the ⟨110⟩ direction. Therefore
from Eqs. (2.24) and (2.25) the longitudinal coefficient πL and transverse coefficient πT in
the ⟨110⟩ direction are:

πL =
1
2
(π11 +π12 +π44) (2.27)

and

πT =
1
2
(π11 +π12 −π44). (2.28)
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Table 2.2 The longitudinal piezoresistive πL and transverse piezoresistive πT in bulk p−type
and n−type bulk (001) silicon under ⟨110⟩ direction stress at room temperature [17].

Type πL πT
10−11 Pa−1 10−11 Pa−1

n -31.2 -17.6
p +71.8 -66.3

According to the PZR π−coefficients shown in Table 2.1, the estimation of πL and πT in
p−type and n−type bulk (001) silicon under ⟨110⟩ stress direction are shown in Table 2.2.
In Chapters 4 and 6 of this thesis the standard (i.e. non-giant, non-anomalous) PZR of silicon
will be taken to be these values for p−type and n−type silicon. The giant or anomalous PZR
of nano-silicon obtained in this work will be compared with these values.

2.2 Piezo-resistance in charge neutral silicon

Let’s take a step back and look at Eq. (2.3), the PZR consists of two terms, the geometric
and resistivity changes induced by stress. Dividing both sides of this formula by the applied
mechanical stress, the resistance π-coefficient can be related to known resistivity π-coefficient.
According to Hooke’s law, the mechanical stress is written as: X = Eε , E is Young’s modulus,
Eq. (2.3)is:

∆R
R0

1
X

= (1+2ν)
1
E
+

∆ρ

ρ0

1
X
, (2.29)

∆ρ

ρ0
1
X = πρ , is the resistivity π-coefficient. Similarly ∆R

R0
1
X = πR refers to the resistance π-

coefficient. People always measure πR instead of πρ , because they always measure resistance
and not resistivity. In the case of (001) silicon with the ⟨110⟩ crystal direction mechanical
stress, Young’s modulus E is about 169 GPa [56], and Poisson’s ratio, ν = 0.27. The first
term in Eq. (2.29) is therefore approximately 0.91×10−11 Pa−1. The second term according
to Table 2.2 measured by Smith [17] is 71.8×10−11 Pa−1 so that πR = 72.71×10−11 Pa−1

≈ πρ . Therefore in silicon, a resistance π−coefficient measurement gives us approximately
πρ . Note that, this is not necessary true for all the materials.

The question we could ask ourselves is: why exactly does the resistivity change with
applied stress? To answer this question, we need to take a look at the formula for resistivity.
In the case of charge neutral n−type silicon (electrons are majority carriers), ρ is expressed
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as:

ρ =
1

nµnq
=

m∗

nq2τm
, (2.30)

where n is free electron density, µn is mobility of election, q is the absolute value of the
electronic charge, τm is the momentum relaxation time and m∗ is the electron’s effective
mass. We can see that the PZR may be the result of either a stress-induced effective mass
change, a concentration change or a change in momentum relaxation time. The concentration
change due to stress is principally the result of stress-induced volume changes which are
expected to be of the order of the first term of Eq. (2.29) i.e. 0.91×10−11 Pa−1. In fact the
largest contribution to PZR in silicon is that due to stress-induced effective mass changes i.e.
to changes in the mobility. The resistivity can be written as a function of stress:

ρ = ρ(X) =
m∗(X)

nq2τm
, (2.31)

PZR in n−type bulk silicon

Stress-induced effective mass changes in n−type silicon are described by the many-valley
charge transfer model [57]. The conduction band of silicon consists of six valleys whose
constant energy surfaces are ellipsoids of revolution, and whose long axes are along the [100]
crystal directions. In the absence of mechanical stress, the six ellipsoids are degenerate and
therefore equally populated with electrons as shown in the left inset of Fig. 2.2 [14]. One
refers to longitudinal and transverse valleys in the context of current flow. For example, for
current flow along ⟨100⟩ direction (see arrow in the inset of Fig. 2.2), the two ⟨100⟩ valleys
become the longitudinal valleys, while the ⟨010⟩ and ⟨001⟩ valleys become the transverse
valleys. Because the valleys are ellipsoidal and not spherical, there are two effective masses
associated with each valley: one corresponding to the major axis of the ellipse and one
corresponding the minor axis of the ellipse. In the aforementioned example of current flow
along the ⟨100⟩ direction, the major axis of the two longitudinal valleys is parallel to the
current flow direction, and the effective mass which counts in Drude’s law is the longitudinal
or parallel effective mass, m∥. For the four transverse valleys however it is the effective
mass associated with the minor axis of the ellipsoid which counts, the so-called transverse
or perpendicular effective mass, m⊥. The longitudinal effective mass m∥ = 0.97m0 which is
larger than transverse effective mass m⊥ = 0.19m0 in silicon, m∥ > m⊥ [57]. When a ⟨100⟩
compressive stress is applied on the sample, the ellipsoids in the ⟨100⟩ direction will shift
down in energy with a deformation potential approximate 12.1 eV with respect to the four
other ellipsoids [58, 51]. Since electrons always occupy lower energy states first, this will
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result in a transfer of electrons from the transverse valleys to the ⟨100⟩ crystal direction
valleys (see middle insert in Fig. 2.2). Because m∥ is larger than m⊥, the density-of-states
weighted effective mass of n−type silicon therefore increases due to compressive stress
parallel to ⟨100⟩ crystal direction. According to Eq. (2.30), resistivity is proportional to
effective mass, the resistivity increases. This effect has been studied many other works
[16, 57, 59] and has been verified by recent work up to 3 GPa mechanical compressive
stress parallel to ⟨100⟩ crystal direction on n−type silicon as shown in Fig. 2.2 [51]. The
current flows parallel to the stress as shown inset, and the symbols denote measurements on
different samples. Should be noted here: in convention, compressive stress is negative while
tensile stress is positive. In this case, the slope of curves shown in Fig. 2.2 indicates the
π-coefficient and the sign of π-coefficient shown in Fig. 2.2 is negative due to the definition
in Eq. (2.4). Up to 1 GPa stress, the π-coefficient is relative constant due to linear slope.
When stress is larger than 1 GPa, the π-coefficient begins to saturate. This is because under
such high stress almost all the electrons in the transverse valleys have already transferred to
the longitudinal valleys as shown in the right insert. This saturation observation well verifies
the charge-transfer model.

PZR in p−type bulk silicon

The π−coefficient in p−type silicon is different from that of n−type silicon [60] because of
the stress-induced redistribution of holes between valence bands, and due to band warping
[20, 61–65]. For p−type silicon under zero stress, the heavy-hole band and light-hole
band are degenerate at the Γ-point as shown in the left insert in Fig. 2.3. Under uniaxial
compressive stress, the degeneracy is lifted and band warping occurs (i.e. the curvature of
the energy band changes due to stress). The light-hole band moves to higher energy while
the heavy-hole band moves to lower energy resulting in a band anti-crossing as shown in the
middle insert in Fig. 2.3. Since the holes always occupy the maximum energy position in
the valence band, then the holes in the heavy-hole band will transfer to the light-hole band.
This is a very important point to have a PZR effect in p−type silicon, because the stress
therefore reduces the density-of-states weighted holes effective mass. Since resistivity is
proportional to effective mass, the resistance will decrease as well. The reported p−type
PZR under uniaxial compressive stress up to 3 GPa confirmed this in Fig. 2.3 [51]), where
∆R
R0

approximately linearly decreases from 0 to 1 GPa. When the stress is larger than 1 GPa
the slope of ∆R

R0
as a function of stress decreases, and continuously drops under higher stress.

This is because under the increasing stress, the gap of anti-crossing band is increasing, like
the right insert shown in Fig. 2.3. So that more and more holes in heavy-hole band will
transfer to light-hole band, the holes in the light-hole band gradually dominate effective mass
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Fig. 2.2 The stress induced relative changes in resistance as function of compressive stress in
n−type silicon [14] (results come from reference [51]). The process describe by the charge-
transfer model is shown as schematic inserts. In the absence of stress, the six conduction band
valleys are degenerate. Applying ⟨100⟩ compressive stress up to 1 GPa causes electrons to
be transferred from the valleys perpendicular to the stress to the valleys parallel to the stress,
and the π-coefficient is relatively constant. Further increases in stress yield a saturation in
resistance because charge transfer between valleys is already complete.

in p-type silicon. Although we can’t see from Fig. 2.3, a saturation of ∆R
R0

is expected at
higher stresses.

In a conclusion, PZR in both n−type and p−type bulk silicon are due to a stress induced
changes in the transport effective mass of carriers.

2.3 Space charge limited transport

Space-charge-limited currents (SCLC) can occur in lightly doped semiconductors, in insu-
lators and even in vacuum between two electrodes. When a high voltage is applied across
the electrodes, electrical charges are injected into the intervening space or material, forming
a space-charge region. The current-voltage characteristic between the electrodes was first
studied by Clement D. Child in 1911 [66]. A full investigation of SCLCs requires the
frequency dependence of the impedance since in this way the physical time associated with
SCLCs is revealed. This has previously been considered by several authors [67–77]. Here
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Fig. 2.3 The stress induced relative changes in resistance as a function of compressive stress
in p−type silicon [14] (results come from reference [51]). The process is shown as schematic
inserts. In the absence of stress, the heavy-hole and light-hole band are degenerate at the
Γ-point. Applying compressive stress up to 1 GPa, the holes will transfer from the heavy-hole
band to the light-hole band, and the π-coefficient is relatively constant. Further increases in
the stress leads to a gradual saturation of ∆R

R0
as charge transfer becomes complete.

we will follow the presentation given by Shao and Wright [67]. Which considers an ideal
dielectric material with the following assumptions:

• The medium is trap free.

• The medium has no thermally generated charge, any charge in the system is injected
from the electrodes.

• The electrodes are low resistance Ohmic contacts.

• Only one type of carrier is present in the system (i.e. the unipolar case).

The one-dimensional current flows between two Ohmic contacts parallel to the x-direction,
and the spacing between the electrodes is d. The overall current has three components: drift,
diffusion and displacement currents expressed as:

J = ρv+qD
d p
dx

+ ε0εr
∂E

∂ t
. (2.32)

Note that in this section of the thesis ρ refers to charge density, ρ = pq, where p is the hole
density and q is the electronic charge. Since the devices used in this work are fabricated
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from p−type silicon, the above expression is written for holes, but an equivalent expression
for electrons may also be used. To simplify this equation, one important assumption is
made: the diffusion current is neglected compare to the drift current. Poisson’s equation in
one-dimensional is:

∂E

∂x
=

pq
ε0εr

, (2.33)

where ε0 and εr are the permittivity of the medium. The hole velocity, v, in the electric field
E is:

v = µE , (2.34)

where µ is the hole mobility. Since the electric field is space and time dependent (E(x, t)) and
the these two variables are dependent, x = x(t), so that the differential equation of electric
field with time can be written as two partial differential equation:

dE

dt
=

∂E

∂x
dx
dt

+
∂E

∂ t
, (2.35)

so that Eq. (2.35) becomes:

dE

dt
=

pqµE

ε0εr
+

∂E

∂ t
. (2.36)

Substituting this into Eq. (2.32) yields:

J = ε0εr
dE

dt
. (2.37)

Further substitution of Eq. (2.34) into Eq. (2.37) gives:

J =
ε0εr

µ

dv
dt

. (2.38)

Note that the current density J only exhibits a time dependence (and not a space dependence)
since it’s conserved throughout the medium. When a relatively small sinusoidal voltage (AC)
is applied on a large steady (DC) voltage, the resulting current can be written as:

J = J0 + J1exp( jωt), (2.39)
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where J0 is the steady-current and J1 is the amplitude of the small sinusoidal current. Substi-
tuting Eq. (2.39) into Eq. (2.38), we have that:

dv
dt

=
µ

ε0εr
(J0 + J1exp( jωt)) (2.40)

which, when integrated yields:

v =
µ

ε0εr
(J0t +

J1exp( jωt)
jω

)+ const. (2.41)

We impose boundary conditions such that the electric field is 0 at x = 0 see Fig. 2.4 and the
velocity of holes is also 0 at this point. Let tc be the time that holes leave the electrode at
x = 0 so that v = 0 when t = tc. By using these conditions, Eq. (2.41) becomes:

v =
µ

ε0εr
(J0(t − tc)+

J1exp( jωt)
jω

− J1exp( jωtc)
jω

). (2.42)

Fig. 2.4 Boundary conditions used to determine SCLCs in a perfect dielectric medium.

Integrating again with the condition that x = 0 when t = tc yields

x =
µ

ε0εr
(J0(t − tc)2 +

J1exp( jωt)
( jω)2 − J1exp( jωtc)

( jω)2 − (t − tc)
J1exp(ωtc)

jω
). (2.43)

Consider the transit time T0 = t − tc that the hole takes to travel a distance x in the medium.
Then in steady-state the applied voltage is constant and J1 = 0. Eq. (2.43) becomes:

x =
µ

ε0εr

J0T 2
0

2
(2.44)
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It can also be shown [67] that:

v =
µ

ε0εr
(J0T0)+

µ

ε0εr

1
T0
(
J1T0

jω
− J1

( jω)2 +
J1exp(−pT0)

( jω)2 )exp( jωt). (2.45)

This expression for the velocity can be separated into a steady-state component and a time-
dependent component, as:

v = v0 + v1exp( jωt) (2.46)

v0 =
µ

ε0εr
(J0T0) (2.47)

v1 =
µ

ε0εr

1
T0
(
J1T0

jω
− J1

( jω)2 +
J1exp(− jωT0)

( jω)2 ) (2.48)

According to Eq. (2.34), the electric field E is proportional to v, and therefore the applied
voltage V between the electrodes at x = 0 and x = d (see Fig. 2.4) is :

V =
∫ d

0
E ∂x =

1
µ

∫ d

0
v∂x. (2.49)

From Eq. (2.44) the relation between x and T0 will be:

∂x =
µ

ε0εr
J0T0∂T0. (2.50)

We define here Ta as the transit time for a hole between the two electrodes, so that:

V =
1

ε0εr

∫ Ta

0
(v0 + v1exp( jωt))J0T0∂T0. (2.51)

The applied voltage can also be separated into a steady-state component and a time-dependent
component:

V =V0 +V1exp( jωt), (2.52)

where

V0 =
1

ε0εr

∫ Ta

0
v0J0T0∂T0 (2.53)
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and

V1 =
1

ε0εr

∫ Ta

0
v1J0T0∂T0. (2.54)

2.3.1 Steady state, space charge limited transport in semiconductors

From Eq. (2.53) it is possible to obtain the steady-state relationship between the current
and the applied voltage in a space charge limited dielectric. Substituting for the steady-state
velocity v0 from Eq. (2.47), Eq. (2.53) for V0 becomes:

V0 =
µ

ε2
0 ε2

r
J2

0

∫ Ta

0
T 2

0 ∂T0. (2.55)

Integrating Eq. (2.55) we obtain the steady applied voltage V0 as a function of the hole transit
time Ta:

V0 =
1
3

µ

ε2
0 ε2

r
J2

0 T 3
a . (2.56)

Using Eq. (2.44) with T0 = Ta and x = d yields the DC current-voltage characteristic of a
SCLC in dielectric:

J =
9
8

ε0εrµ
V 2

0
d3 (2.57)

This result is known as the Mott-Gurney law [78] and demonstrates that a non-linear current-
voltage characteristic is the signature of an SCLC. This fact will be used throughout Chapters
4 and 6 of this thesis. The current density simulation according to Mott-Gurney law (see
Eq. (2.57)) is shown in Fig. 2.5 as an example, the current is proportional to the voltage
square. The permittivity used here is 11.9 for silicon, the vacuum permittivity is 8.85×10−12

Fm−1, mobility µ is 425 cm−2/V s for very lightly boron doped silicon device and distance
d between 2 contacts is 100 m.

Finally, by combining Eq. (2.56) and (2.57), the ratio between steady current and voltage
is obtained and may be regarded as a "resistance" R:

R =
V0

I0
=

V0

AJ0
=

2Tad
3Aε0εr

=
2Ta

3ACg
(2.58)

where A is the cross-sectional area of current flow and Cg = ε0εr/d is the geometric capaci-
tance of the device. The incremental resistance r can be obtained from Eq. (2.57) and (2.58)
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Fig. 2.5 The current density followed by Mott-Gurney law, since the plot is in log scale and
slope is 2 which indicates that the current density is proportional to voltage square.

as:

r =
∂V0

∂ I0
=

V0

2I0
=

R
2
=

Ta

3ACg
(2.59)

2.3.2 Small-signal, space charge limited transport in semiconductors

Now let’s consider the small-signal situation in the material. The incremental admittance can
be obtained by using the ratio between the time dependent components of the current and
voltage. Substituting Eq. (2.48) into Eq. (2.54) and integrating, we obtain:

V1 =
µ

ε0εr

J0J1

( jω)3 (
( jω)2T 3

a
2

− jωTa − exp(− jωTa)+1). (2.60)

The incremental admittance is Y1 = I1/V1 = G1 + jωC1, where:

G1 =
gγ3

6
γ − sin(γ)

(γ − sin(γ))2 +(γ2/2+ cos(γ)−1)2 (2.61)

and

ωC1 =
gγ3

6
γ2/2+ cos(γ)−1)2

(γ − sin(γ))2 +(γ2/2+ cos(γ)−1)2 , (2.62)
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where the so-called transit angle is

γ = ωTa. (2.63)

In these equations, g = 1/r is the steady-current incremental conductance given as the inverse
of the Eq. (2.59). This expression for the incremental admittance has been experimentally
verified [67, 69, 70, 72, 74]. The frequency dependence of the normalized admittance is
plotted in Fig. 2.6, where Gg = g. We can see from Fig. 2.6, for a trap free space charge
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Fig. 2.6 (a) Normalized conductance and (b) normalized capacitance of a trap free space
charge limited semiconductor versus the normalized angular frequency ω .

limited medium, the conductance decreases and the capacitance increases as frequency
increases, here we use Ta = 10−4 s. This is the signature of a trap-free SCLC measured in
the small-signal limit using the impedance spectroscopy techniques described in Chapter 3.
At low frequencies, ωTa ≤ 1, the impedance is constant and equal to Y1 = g+ jω3Cg/4. At
very high frequencies, ωTa ≥ 10, the conductance and capacitance begin to oscillate, and
eventually arrive at a constant value with G(ωTa ≥ 10) ≈ 2Gg/3 and C(ωTa ≥ 10) ≈ Cg.
In the case of space charge limit, the carriers are injected from contact and contribute
to the current. For the AC signal, the carriers are injected into the system during the
positive half period and pull the carrier out at the negative half period. For the relatively
low frequencies, ωTa ≪ 1, the injection process is slow, the carriers are injected from one
contact in the positive half period and reach to another contact in the same half period.
At higher frequencies, ωTa > 1, the injection process is fast, the injected carriers do not
have time to reach to another contact in the same half period, therefore the conductance
decreases and capacitance increases when frequency increases. Hence, the space charge
limited semiconductor can be represented as an equivalent circuit of R and C in parallel, for
the case ωTa ≤ 1, R = G−1

g and C = 3Cg/4; for the case ωTa ≥ 10, R = 3G−1
g /2 and C =Cg.
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2.3.3 Small-signal space charge limited transport with a single trap
type

We already discussed the admittance corresponding to a trap free space charge limited current,
and will now consider the case where charge can be trapped in the medium during transport.
Trapping of charge in semiconductors is usually treated using the Shockley-Read-Hall model
(SRH) [79] in which the trap capture and trap emission rates, ωc and ωe are:

ωc(x, t) =Cp
NT − pt(x, t)

NT
(2.64)

and

ωe(x, t) =Cp
p(x, t)+ p1

NT
, (2.65)

where pt(x, t) is the trapped hole density, NT is the trap density, p(x, t) is the free hole density,
p1 is the density of holes that would be obtained if the Fermi energy lay at the trap energy
(EF = ET ) and Cp is the Shockley-Read-Hall capture constant for holes [79]. It should be
noted that in the SRH model, pt0(x, t) and p0 are space and time dependent, and so therefore
are ωc and ωe.

The resolution of a full set of differential equations that includes Poisson’s equation, Eq.
(2.33), the current conservation equation, Eq. (2.32), and a rate equation for trapped charge
containing both ωc(x, t) and ωe(x, t) has not been published. However, Kassing [74] has
developed a simplified analytical model in which the equilibrium free hole density p0 and
the equilibrium trapped hole density pt0 are space and time independent, i.e. ωc and ωe are
constant. In this approach only a single type of trap is present in the space charge limited
semiconductor, meaning that the trap capture rate ωc and emission rate ωe are identical for
all the traps.

Thus Kassing simplifies the expressions for ωc and ωe to be constant:

ωc =Cp
NT − pt0

NT
(2.66)

and

ωe =Cp
p0 + p1

NT
. (2.67)

While this approximation is clearly not representative of true space charge conditions
where concentrations of holes vary strongly in space, it allows for a number of useful
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predictions to be made. In particular, the admittance is estimated to be [73, 74]:

Y (ω) =
g
6

1
α
{

∞

∑
k=0

(−iωαTa)
k

(W +1)k+1(k+3)
}−1. (2.68)

The quantity α is frequency dependent and given by:

α(ω) = 1+
ωc

iωc +ωe
, (2.69)

and W which appears in Eq. (2.68) is the product βα , where β−1 = α(0). The notation
(W +1)(k+1) is the so-called Pochhammer symbol:

(W +1)(k+1) =
Γ(W + k+2)

Γ(W +1)
. (2.70)

The real part of Eq. (2.68) yields the frequency dependent G(ω) while the imaginary part
normalized to ω yields the frequency dependent C(ω). Generally speaking, the traps of
interest in Chapter 4 are fast traps, meaning that ωc ≫ ωe. As in the trap-free case treated
previously, the values of G(ω) and C(ω) depend upon the medium’s geometric capacitance
Cg and conductance Gg and the source-to-drain transit time Ta. In addition they now also
depend on the traps’ characteristic capture (ωc) and emission (ωe) rates. The trap’s properties
(ωc and ωe) will result in a relaxation process which could produce an additional frequency
dependence of admittance besides the transit time oscillation effect shown in Fig. 2.6. Note
here, the product of transit time and trap capture rate ωcTa is generally much smaller than
1, which means 1/Ta ≫ ωc. Otherwise the transit time oscillation effect will dominate
trap-induced relaxation process. The frequency dependence of the admittance according to
Eq. (2.68) is shown in the Fig. 2.7.

Fig. 2.7 (a) Normalized conductance and (b) normalized capacitance of a space charge limited
medium versus the frequency ω in the presence of traps.
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Several points which are critical for the interpretation of data shown in Chapter 4 should
be noted:

• At low frequencies in Kassing’s model, ω ≪ ωc ≪ 1/Ta, the applied voltage period
is long compare to the lifetime of injected carriers in the band (2π/ωc), so that the
injected, non-equilibrium charge fully relaxes from the band within a voltage cycle,
i.e. the free charge population reaches steady-state. Results of conductance obtained
in this frequency range are therefore directly comparable with those obtained using
DC methods. For a fast traps, ωe ≪ ωc, the majority of injected carriers are trapped
in the steady-state [74], and the free carrier density in the band is approximately a
factor θ = p0/(p0 + pt0) smaller than the trap-free case. This factor is also used by
Murgatroyd [80] to describe trap-induced modifications to the Mott-Gurney law, Eq.
(2.57), which will be used in Chapter 6 for the case of a DC voltage applied in the space
charge limit in a semiconductor with a single implanted trap type. In the steady-state,
the capacitance is maximum due to the large density of trapped charge [74]. The
conductance and capacitance in the steady-state limit can be expressed as:

G(ω → 0)≈ ωe

ωc
Gg ≈ θGg (2.71)

and

C(ω → 0)≈ 1
ωcTa

Cg. (2.72)

• At high frequencies, for example, ω ≥ ωc, the voltage period is short compared to
(2π/ωc) so that relaxation of injected charge from the band is negligible; in effect
the medium behaves as if no traps were present. To within a factor of the order of
unity, G0 → Gg and C0 →Cg. The transition between this high-frequency limit and the
steady-state limit occurs when ω ≈ ωc. This explains well the increasing conductance
and decreasing capacitance with increasing frequency shown in Fig. 2.7.

2.4 Implication of Poole-Frenkel like effects

In the last section, the trap emission rate ωe and ωc were assumed to be constant in order
to sufficiently simplify the model and to obtain an analytical expression for the admittance.
However, the trap emission rate ωe can be a function of applied DC voltage, on example of
which is the Poole-Frenkel effect [81]. In equilibrium the traps contain a constant density
of localized charge carriers determined by the dynamic balance of capture and emission
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processes. The emission rate from the trap level in the band gap of a semiconductor is
exponentially proportional to the ionization energy Ei according to the Arrhenius equation
[36]:

ωe = AT 2exp(− Ei

kBT
), (2.73)

where A is the Richardson constant. Generally speaking, when a strong electric field is
applied on the semiconductor in the presence of the traps, the dynamic balance of the capture
and emission process might change resulting in a change in the density of trapped charge
carriers. This effect is illustrated as Fig. 2.8. With the application of an electric field, the
potential barrier is lowered and trapped charge carriers need less energy to escape from the
trap. This field-assisted emission could be due to a Poole-Frenkel effect or to phonon-assisted
tunneling as shown in Fig. 2.8. In the Poole-Frenkel effect case, the barrier decreases by

Fig. 2.8 Energy diagram of trap with application of strong electric field. There are 3 possible
ways for a trapped charge carrier to escape as indicate as arrows: Poole-Frankel effect (PF),
phonon-assisted tunneling (PAT) and direct tunneling (DT). Extracted from ref [82].

∆φPF , which is proportional to the square root of the applied electric field E [81]:

∆φPF = B
√

E . (2.74)

where B is a field-independent pre-factor. The ionization energy Ei then becomes field-
dependent:

Ei(E ) = Ei(0)−B
√

E . (2.75)
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Therefore, ωe strongly increases and the application of electric fields:

ωe(E )

ωe(0)
= exp(

∆φPF

kBT
). (2.76)

In the case of phonon-assisted tunneling, unlike Poole-Frenkel effect, the emission rate
enhances exponentially with the square of the electric field [83]:

ωe(E )

ωe(0)
= exp(

E 2

E 2
c
), (2.77)

where Ec is a characteristic field strength, given by:

Ec =

√
3m∗h̄
e2τ3 , (2.78)

where m∗ is the effective mass of charge carriers, e is the elementary charge of the electron
and τ is the tunneling time.

2.5 Conclusion

The background theories are introduced in this chapter in order to better understand bulk
PZR and giant or anomalous PZR.

The strain or stress induced changes in resistivity of silicon result in PZR, the expression
and experimental value of the longitudinal (πL) and transverse (πT ) PZR with respect to the
⟨110⟩ crystal direction are given in order to define the value of bulk PZR. Physical origin
of bulk PZR in both n−type and p−type silicon are further discussed, which occurring in
charge neutral silicon results from the stress dependence of the effective mass.

For depleted silicon nano-objects that can usually measure giant or anomalous PZR
(see Fig. 1.8), an non-linear DC current-voltage characteristic like Mott-Gurney’ law is an
experimental signature of SCLC. Moreover, impedance spectroscopy in the small-signal
limit predicts the presence or absence of traps in SCLC. Impedance spectroscopy yielding an
increasing capacitance and decreasing conductance with increasing frequency, is a signature
of a trap-free SCLC. While impedance spectroscopy yielding an decreasing capacitance and
increasing conductance with increasing frequency, is a signature of a SCLC in the presence
of traps. Most importantly, in a trap mediated SCLC impedance spectroscopy can be used
to obtain information about the characteristic charge trapping and emission rates of traps.
All these information as well as field-assisted emission can be used to analyze the measured
giant, anomalous PZR in non-steady-state (see Chapter 4).



Chapter 3

Samples and experimental methods

This chapter will concentrate on the details of the experiments, which includes the material
and fabrication of the samples, the set-ups used in this thesis, as well as the details of the
experimental techniques. In section 3.1 the sample details are discussed: three different
sample types, all made from silicon-on-insulator (SOI) wafers will be described. Two of them
are used for the PZR measurements (see Chapters 4 and 6), while the other one is designed
as a cantilever and used to measure the stress dependence of the surface Fermi level pinning
(see Chapter 5). To apply uniaxial stress on the samples used for the PZR measurements, a
3-point bending apparatus will be presented in section 3.2. In section 3.3 and 3.4, the details
of PZR measurements in steady-state using DC voltage, and the small-signal impedance
spectroscopy (AC+DC voltages) will be introduced respectively.

3.1 Sample details

The samples used here are all provided by my co-supervisor, Prof. Steve Arscott, who works
at the Institute of Electronics, Micro-electronics and Nanotechnology (IEMN), a research
institute of the University of Lille, CNRS and École Centrale de Lille (UMR CNRS 8520).
The samples shown in Figs. 3.1, 3.2 and 3.4 are specially designed for the 3-point bending
apparatus shown in section 3.2, and the silicon cantilever samples shown in Fig. 3.3 are
designed for the ultra-high vacuum (UHV) experimental station of the TEMPO beamline at
the Soleil synchrotron.

3.1.1 Fully-depleted silicon nanomembranes

The samples introduced here are used to measure the PZR of SCLCs in silicon, the results of
which are principally discussed in Chapter 4.
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Silicon-on-insulator wafers

Commercial, wafer-bonded [84] silicon-on-insulator (SOI) wafers (Si-Mat Silicon Materials,
Germany) are used for the fabrication of the samples. The silicon device layer (DL) has a
thickness of 2 µm, the buried oxide (BOX) layer has a thickness of 1 µm and the silicon
handle wafer (H) has a thickness of 400 µm. The orientation of the device layer, and the
handle wafer, is (001). The diameter of the wafers is 3 inches. The silicon DL and H have a
nominal resistivity of >1000 Ωcm.

Microfabrication

One 3-inch diameter wafer contains 11 rectangular chips whose dimensions (1.3 cm by 2
cm) are compatible with the 3-point bending apparatus discussed in section 3.2. The chips
are fabricated using the planar photolithographic approach. This involves several standard
microfabrication steps such as: deposition, masking, doping, etching, cleaning, and dicing.
A set of physical photomasks was designed and fabricated for the microfabrication. The
microfabrication steps are shown in the Fig. 3.1 and described as follows:

Fig. 3.1 Top-down sample fabrication process.

1. Implantation oxide growth. Following a standard RCA clean [85] a 45 nm thick
silicon dioxide is grown on the DL surface by wet thermal oxidation in a furnace. The
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purpose of this oxide is to ensure that the resulting boron implantation dopings are
close to the surface to enable the formation of low resistivity ohmic contacts.

2. Ion implantation (ohmic contact regions and on-chip strain gauge regions) and
dopant activation. The implantation doses and depths of the ohmic contact and
on-chip strain gauge regions are calculated using software (SRIM) [86]. The ion
implantations are conducted using a commercial machine (GA 3204, Eaton-Axcelis).
Two ion implantation steps are performed using two different photomasks. The first
photoresist mask (2 µm of S1818 – Dow, USA) is patterned (MA-6 Karl Suss Microtec,
USA) and the ohmic contact areas are implanted using boron [87] (1×1020 cm−3) to
give a highly doped region [88]. The second photoresist mask (2 µm of S1818) is
patterned and the moderately doped strain gauges are doped using boron (2×1018

cm−3) to have a known piezoresistance [17] for the on-chip gauges – orientated in the
⟨110⟩ direction for a maximum piezoelectric coefficient for p-type material [18]. After
each step, care is taken to fully remove the photoresist mask (resist stripper at 70°C,
solvent clean, followed by oxygen plasma). Finally, a thermal anneal step (850°C/1
min in argon) is conducted in a rapid thermal processor (AnnealSys, France) to activate
[89] the implanted species – diffusion will be minimal [90] at this temperature and
time. Finally, the 45 nm thick implantation oxide is removed using a commercial
buffered oxide etch - 7:1 volume ratio of 40% NH4F in water to 49% HF in water.

3. Ohmic and line metallization. A third photomasking step is used to form a photoresist
lift-off mask (∼ 1 µm of AZ1518 - Microchemicals, Germany) for the ohmic contact
and line metallization (300 nm of thermally evaporated aluminium – MEB 550S Plassys,
France). Following a lift-off procedure, the ohmic contact (Al − Si) is formed in a
Jipelec-JetFirst rapid thermal processor (Semco Technolgies, France) at 450°C/30s
under forming gas (N2/H2) [91].

4. Device layer etching. A fourth and final photomasking step is use to form a photoresist
(2 µm S1818) mask to be able to etch the 2 µm thick device layer. The goal of this is
to define the device and on-chip strain gauge shapes and electrically isolate the devices
and strain gauges from one another. The DL is etched down to the BOX using deep
dry etching [92] (Surface Technology Systems, UK).

5. Chip dicing, inspection, and initial electrical testing. In order to complete the
fabrication, the sample is diced into chips using an ADT 7100 precision diamond
tipped saw (Advanced Dicing Technologies, USA). Prior to dicing, a 1 µm thick layer
of photoresist (AZ1518) is spin coated onto the wafer and annealed at 100°C for 1
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minute. Following dicing, the individual chips are cleaned in a resist stripper at 70°C
for 30 minutes. The chips were then inspected using optical and scanning electron
microscopy (Ultra-55, Zeiss, Germany). Initial current-voltage testing (non-linearity
of devices, linearity of on-chip gauges, and resistance ladders) was performed using a
probe station (2612 System SourceMeter® (Keithley, USA) and driven using LabView®
software). The specific contact resistivity of the p-type ohmic contacts was measured
using the ladder networks visible in the inset to Fig. 3.2(b) to be 1.6×10−6 Ωcm2

[93]. During the process, all surface profiling (e.g. photoresist thickness, oxide
thickness, etch depth. . . ) was performed using a DektatXT stylus surface profiler
(Bruker, Germany).

Chips layout

The chip layout was designed using commercial software (Layout Editor, Germany). Each
rectangular chip (see Fig. 3.2)(a) measures about 1.3 cm by 2 cm and has a thickness of about
400 µm. The chips contain lowly doped (1.4×1013 cm−3), fully depleted (FD) devices (see
Fig. 3.2(b)) - each having an active width of 50 µm and a length of 30 µm which have ohmic
contacts and lines which run to large area pads (2 mm × 2 mm) – the latter for external
contacting. The chips also contain two moderately doped (2×1018 cm−2) u-shaped [94],
on-chip strain gauges (see Fig. 3.2(b)) composed of two 20 µm by 100 µm silicon parts in
series which are also contacted to large pads on the chip edge. These gauges are used to
monitor the local stress on the chip during the electromechanical measurements.

3.1.2 Silicon cantilever

The samples introduced here are used to measured the stress dependence of the surface Fermi
level pinning, the results of which are principally discussed in Chapter 5. Simple macroscopic
silicon cantilevers are made from a commercial (001) oriented silicon-on-insulator (SOI)
wafer. The 5 µm thick sample layer is p−type doped (boron, ρ < 0.01 Ωcm). A 1 µm
thick buried oxide (BOX) layer and a 400 µm thick handle are below the device layer.
In order to form Ohmic contacts at each end of the cantilever, the device layer oxide is
first removed by using a dilute (5 %) hydrofluoric acid solution, following which a 50 nm
thick layer of aluminium is thermally evaporated onto the device layer via a shadow mask.
During evaporation the surface is exposed to a low energy argon plasma, after which ohmic
contacts are formed by annealing (600°C for 1 minute under a forming gas,95% N2/5% H2,
atmosphere). A diamond saw is then used to cut 11 mm long, 3 mm wide cantilevers from
the SOI where the long axis is parallel to the ⟨110⟩ crystal direction (see Fig. 3.3), the length
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Fig. 3.2 (a) Photograph of the devices measured in Chapter 4. The large contact pads (2
mm × 2 mm) are visible on the chip which measures 1.3 cm by 2 cm. (b) On-chip strain
gauges and devices. A silicon-based on-chip strain gauge (left) and four fully depleted silicon
devices (right) are shown. The white scale bar is 100 µm long. The inset to the figure shows a
resistance ladder used for the measurement of the specific contact resistivity. (c) The on-chip
strain gauges. The silicon portions (20 µm × 100 µm) are doped p−type (Boron) to 2×1018

cm−3. (d) The fully depleted silicon devices with thin native oxide layer on the top. The
silicon portion (30 µm × 50 µm) has a resistivity of >1000 Ωcm – the background doping
is boron which corresponds to a background doping level of <1.4×1013 cm−3. The Ohmic
contacts are doped (Boron) regions of 1×1020 cm−3. The current flows in the devices and
in the on-chip strain gauges parallel to the ⟨110⟩ crystal direction.

and width axes are defined as the x and y directions for the discussion presented in Chapter
5. The cantilevers, which are protected during this procedure with a 1 µm thick photoresist
(AZ1518) layer, are cut so that the ohmic contacts are present at each end of the cantilever
as shown in Fig. 3.3, the length of each ohmic contact is about 1.3 mm. Thus the silicon
active area effective length of cantilever is approximate to 8.4 mm as marked in Fig. 3.3.
Following dicing the cantilevers were stored with the photoresist in place for two months.
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Two weeks prior to the experiments reported in Chapter 5, the photoresist was removed
with a stripper (SVC-14), rinsed in acetone, isopropyl alcohol and de-ionized water before
drying with nitrogen. During this time the device layer formed a native oxide in the ambient
atmosphere (25°C, 45% r.h.).

Fig. 3.3 p−type silicon cantilevers with ohmic contacts (Al) visible at each end used in the
experiments reported on in Chapter 5. The (001) oriented silicon active layer is marked as Si
with boron doping (ρ < 0.01 Ω cm). The long axis of the cantilever is parallel to the ⟨110⟩
crystal direction as indicated by the red arrows.

3.1.3 Silicon nanomembranes for defect engineering

The samples introduced here are used to measure anomalous PZR in defect engineered
silicon, the results of which are principally discussed in Chapter 6. The wafer and fabrication
procedure are the same as those for the sample discussed in section 3.1.1. The mask used
during photo-lithography is however slightly different. As shown in Fig. 3.4, there are 10
silicon devices with 100 µm × 100 µm active area (see enlarged schema in Fig. 3.4) in
the middle of sample shown as light blue blocks and labeled as D1 to D10. Each device is
connected with two highly p−type doped (1020 cm−3 Boron) Ohmic contacts. The number
marked on the electrodes can help us to select the device we want to measure, for example,
the electrodes labeled as 1 correspond to D1, etc.. In addition, since the sample is symmetric,
the visible-by-eye L symbol on the sample is required to distinguish the orientation of the
wafer. The current flows in the active device areas parallel to ⟨110⟩ crystal direction as for
the sample shown in Fig. 3.2. Boron is used to dope the devices at two different doping
levels: two among ten devices (marked by red rectangles) are doped to 1018 cm−3 and eight
among ten devices are non-intentionally doped with resistivities ρ > 5000 Ωcm.

3.2 Apparatus for applying mechanical stress

In our experiment, mechanical stress is applied to the devices by using a 3-point bending
apparatus. The left and right edges of the sample shown in Fig. 3.2(a) (and the top and
bottom edges of the sample shown in Fig. 3.4) are held between a rigid clamp and sprung
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Fig. 3.4 The top-view of samples used in Chapter 6 is shown on the left, and there are ten
silicon devices with two doping densities (Boron): the devices with red outlines are doped to
1018 cm−3 and the rest of the devices are non-intentionally doped with resistivities ρ > 5000
Ωcm. The large contact pads (2 mm × 2 mm) are visible on the sample and allow us to select
devices by the number order. The device is zoomed in on the right. Its surface area is 100
µm × 100 µm and it is connected to the Al electrodes which form the Ohmic contacts, and
the current flow direction is parallel to the ⟨110⟩ crystal direction.

electrical contacts (PRECIDIP) which make contact with 2 mm × 2 mm external electrical
contacts like those shown numbered in Fig. 3.4 and seen as silvered squares in Fig. 3.2(a).
In the overall 3-point bending apparatus is shown in Fig. 3.5, the actuator pushes against
one surface of the sample making it bend. In the case of applied tensile stress the actuator

Fig. 3.5 Schematic of the 3-point bending apparatus used in Chapters 4 and 6.

makes contact with the rear face of the sample (i.e. with the handle), and the applied force
(F) is partially taken up by the sprung contacts, and partially taken up by the bending of
the wafer as shown in Fig. 3.6(a). The thickness, width and length of sample are labeled
as t, w and l in this schematic diagram, and in our case w = 1.3 cm, l = 2 cm and t is the
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total wafer thickness. Since the sample is perpendicular to z-axis shown in Fig. 3.6(b) and
the cantilever edges are free in the y-direction the stress is uniaxial along the x-direction.
This stress linearly varies with z and switches from compressive to tensile stress at an inner
neutral surface (gray surface in Fig. 3.6(b)). The stress above the neutral surface is tensile,
while the stress below it is compressive [95]. The maximum magnitude of uniaxial tensile

Fig. 3.6 Illustration of the sample bending. (a) A sketch of the sample bending due to the
application of a force (F). (b) Illustration of the stress distribution in a sample deformed
by the 3-point bending apparatus. The device is present at the top surface of the sample. In
this case, a uniaxial tensile stress, X is applied on the device parallel to the ⟨100⟩ crystal
direction as shown.

and compressive stress occurs at the top and bottom surfaces of the sample (see Fig. 3.6(b)).
This stress is given by [96]:

Xmax =
3Fl
2wt2 . (3.1)

Since the substrate is much thicker than the device layer, then the stress applied in the this
layer is approximately constant and equal to Xmax. In the case of compressive applied stress
the actuator makes contact with the front (i.e. device layer) face of the sample so that the
applied force is taken up entirely by the bending of the wafer. In Chapters 4 and 6 Xmax is
approximately 20 MPa which, for the dimensions l =2×10−2 m, w = 1.3×10−2 m and t =
4×10−4 m, F = 1.4 N. It can be shown [97] that the deflection of the centre of the wafer
from its rest position is 2.2 µm.
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3.3 DC (zero-frequency) piezo-resistance measurement pro-
cedure

Via the 3-point bending apparatus, a ⟨110⟩ direction uniaxial mechanical stress is applied on
the sample, and the automatic electrical contact to the devices via the PRECIDIP connectors,
allows us to measure the PZR using different techniques, the first of which is a simple DC
resistance measurement. The complete schematic of the PZR measurement is illustrated in
Fig. 3.7. In order to avoid dielectric relaxation induced resistance drift, the stress modulation
technique is used here [38, 46]. The 3-point bending apparatus is put inside of an earthed
Faraday cage to avoid the influence from external electrical fields. The actuator is manually
positioned to be at the threshold of mechanical contact at the geometric centre of the sample
via a ceramic sphere which ensures mechanical contact at only one point. Initially therefore,
the sample is flat (see sample plotted by solid line in Fig. 3.7), and there is zero stress on the
device. The current flowing through the device due to an applied DC bias is measured by a
picoammeter (Keithley 485). The measured current, labeled Iodd , is automatically saved by
the computer.

After a time τ/2, the data acquisition card outputs a voltage signal to drive the actuator
into the sample resulting in a bending as shown by the dotted line in Fig. 3.7). At this moment,
the response current Ieven is measured by the picoammeter and then saved by computer. Since
the current is proportional to the conductance in Ohm’s law according to Eq. (2.5), the
π−coefficient can be expressed as:

π ≈− 1
I0

∆I
X
, (3.2)

where ∆I = Ieven − Iodd is the stress-induced change in the current and I0 = Iodd is the zero-
stress current. Therefore when the actuator completes one single periodic motion in a time τ ,
one π−coefficient is obtained. The data acquisition card generates a square wave voltage
on the actuator with a frequency of 1/τ = 0.2 Hz so that the stress applied on the device is
modulated in time. Note here, the frequency of actuator is very small compare to the capture
rate of traps (see section 4.2), therefore the influences result from actuator will be negligible
because these influences will relax rapidly. During a total measurement time T , a number
of T/τ of π−coefficient values are measured as shown in Fig. 1.6(b). The average of these
yields the estimate for the π−coefficient of the device.
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Fig. 3.7 Schematic of the PZR measurement. The sample and the 3-point bending apparatus
are contained in a Faraday cage. The circuit between the signal detector (Keithley 485 for DC
measurements or the HP4192A for impedance spectroscopy measurements) and the device
allows us to measure the resistance of the device, which is then exchanged with a computer
using a GPIB interface. In the mean time, an external voltage from the data acquisition
card is applied on the actuator to provide the periodic mechanical stress on the device. The
computer records the device’s resistance or impedance with the modulation of stress in time.
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3.4 Impedance spectroscopy and piezo-impedance measure-
ment procedure

If the I-V characteristic of a device is linear, then the slope is proportional to its conductivity as
shown in Fig. 3.8(a) and the π-coefficient can be estimated via a DC current measurement as
expressed by Eq. (3.2). This is the approach used in all of the current PZR literature although
the use of the stress modulation technique is far from universal [17, 21, 28, 29, 38, 41, 43, 46–
48, 51, 98, 49, 99, 50].

If the I-V characteristic is non-linear as shown in Fig. 3.8(b), then the slope of the I-V
characteristic changes as VDC varies, i.e. the differential conductance of the sample changes
with VDC. The slope measured by a DC bias is always with respect to the origin (VDC = 0 V ),
and is not the real slope for a fixed VDC. Thus the estimated conductance is not the true DC
conductance. More importantly, the applied mechanical stress will also vary the slope of the
I-V characteristic (see red curve in Fig. 3.8(b)), and it is therefore not possible to use the DC
voltage method to estimate the π-coefficient. The wise move is to measure the differential
conductance with a relatively small additional AC voltage on top of the fixed DC voltage.
The amplitude of the additional AC voltage is much smaller than that of the DC voltage, and
the total applied bias is:

Vds(t) =VDC +VACexp(iωt), (3.3)

where VDC is the DC component of the applied voltage and VAC is the AC component
applied at a frequency ω . In all the experiments reported in Chapter 4, VAC = 1 V . The

𝑉

𝐼

𝑉𝑑𝑠 = 	 V()

𝑖0

𝑋 = 0

𝑋 ≠ 0

𝑖

𝑉𝑑𝑠		 = 	 𝑉() + 	𝑉/)

𝐼

𝑉

𝑋 ≠ 0𝑋 = 0
(a) (b)

Fig. 3.8 PZR measurement in the case of (a) linear and (b) nonlinear I-V characteristic. The
black curve corresponds to the stress free case while the red curve corresponds to the device
with stress.
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measured output current consequently has DC and AC components as well. Moreover the AC
component of the current has an amplitude and phase, the latter of which can be measured
relative to the phase of the AC applied bias (assumed for simplicity to be zero). The in-phase
component of the current will yield the conductance according to G = Re(I/Vds) whereas
the out-of-phase component of the current can be assimilated with a capacitance according to
C = 1/ωIm(I/Vds). In other words the overall device admittance is Y = I/Vds = G+ jωC.
In the case of SCLCs in the presence of traps, G and C themselves are frequency dependent
as discussed in Chapter 2.

Applied stress will change the admittance, and the in-phase and out-of-phase components
of the current can then be associated with one of two π−coefficients: the PZR π−coefficient
for the in-phase part,

πR =− 1
G0

∆G
X

, (3.4)

where G0 is the effective conductance at non-stress applied and ∆G is the stress-induced
change in G, and the piezo-capacitance (PZC) π−coefficient for the out-of-phase part,

πC =− 1
C0

∆C
X

, (3.5)

where C0 is the effective capacitance at non-stress applied and ∆C is the stress-induced change
in C. The expression for the overall piezo-response can be given by the piezo-impedance
(PZZ) π−coefficient,

πZ = πR
G2

0

G2
0 +ω2C2

0
+πC

ω2C2
0

G2
0 +ω2C2

0
+ i(πR +πC)

ωG0C0

G2
0 +ω2C2

0
. (3.6)

This expression implies the piezo-impedance depends on frequency ω . For low frequencies
where ω ≪ G0/C0, G2

0/(G
2
0 +ω2C2

0) ∼ 1, ω2C2
0/(G

2
0 +ω2C2

0) and ωG0C0/(G2
0 +ω2C2

0)

∼ 0. Thus the piezo-resistance dominates piezo-impedance at low frequency regime. For
high frequencies with condition of ω ≫ G0/C0, G2

0/(G
2
0 +ω2C2

0)∼ 0, ω2C2
0/(G

2
0 +ω2C2

0)

and ωG0C0/(G2
0 +ω2C2

0) ∼ 1. Thus piezo-capacitance dominates piezo-impedance at high
frequency regime. For intermediate frequencies, the piezo-impedance is expected to transfer
to piezo-capacitance from piezo-resistance.
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HP4192A impedance analyzer

The HP4192A impedance analyzer presented in Fig. 3.9(a), is used to accurately measure
the impedance parameters of a component or circuit. The frequency, oscillation level and DC
bias level range of HP4192A are as follows:

• Measuring Frequency: 5 Hz to 13 MHz

• OSC Level: 5 mV to 1.1 V

• DC bias voltage: -35 V to +35 V

The measured impedance parameters are shown in the conductance and capacitance display
panel (see Fig. 3.9(a)). To measure the impedance of a device under test (DUT), a four
terminal pair configuration is required which consists of 4 connectors: High current (HCUR),
High potential (HPOT ), Low potential (LPOT ) and Low current (LCUR). The sketch of this
four terminal pair configuration is shown in Fig. 3.9(b): the current flows through the
DUT between two current terminals and is measured by a vector ammeter. Two potential
terminals on both sides of the DUT are for detecting the voltage drop across the DUT by
a vector voltmeter. Based on the magnitude and phase measured from the vector ammeter
and the vector voltmeter, the impedance of the DUT can be estimated. As shown in the Fig.
3.7, the measured devices are placed in a Faraday cage so that the cables connecting the
DUT to the HP4192A can also be regarded as part of the DUT. This affects the accuracy of
impedance measurement. The inaccuracy principally results from a phase change and signal
loss during propagation along the cable length. Since the cable-length-induced measurement
error increases in proportion to the test frequency, the cable length must be taken into account
in high frequency measurements. In this case a 16048A fixture is required which consists of
four 1-metre-long coaxial cables whose line capacitance and conductance are compensated
for automatically by the impedance analyzer once the CABLE LENGTH switch on the
front panel is set to the 1 m position. Generally, in the absence of any other correction, the
HP4192A will report relatively accurate conductance and capacitance of anything attached
to these four cables.

However, the depleted devices measured here are two-terminal devices, so a conversion
from four to two contacts is necessary, and is achieved according to the configuration shown
in Fig. 3.9(c). The two additional 10 cm coaxial cables also results in parasitic signals that
will affect the accuracy of impedance measurement. In order to obtain only the sample’s
impedance, HP4192A has a ZERO CORRECT function. Zero correction of the excess line
impedance is achieved in two steps. First, the mainly reactive component of the excess
line impedance is corrected by removing the sample and using the ZERO OPEN function.
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Second the mainly resistive component of the excess line impedance is corrected by replacing
the sample with a short circuit blade (a 200 nm thick gold layer on glass) and using the
ZERO SHORT function. During this procedure it is important to keep the geometry of the
10 cm coaxial cables as constant as possible, since to do otherwise may change parasitic
line impedances. In subsequent measurements with the ZERO OPEN and ZERO SHORT
functions activated, the impedance analyzer will report the impedance of the DUT only.

Since relatively accurate estimations of conductance and capacitance can be measured
by the HP4192A impedance analyzer, the PZR and PZC can also be obtained by using the
configuration shown in Fig. 3.7 which uses the stress modulation technique according to Eq.
(3.4) and (3.5) for a particular frequency. In general, HP4192A impedance analyzer is set
to automatically average ten times measured impedance parameters with and without stress
applied, and then transfer these results to the computer to estimate the piezo-response. In our
experiment, this whole process is set to repeat twenty times, which means the final reliable
results, G0, C0, πR, πC and πZ are obtained after two hundred measurements which are then
averaged. According to Eq. (3.6), these quantities may all be functions of frequency, and for
this reason measurements are made over a frequency range from 100 Hz up to 10 MHz. This
procedure is called impedance spectroscopy.
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Fig. 3.9 A sketch of the HP4192A impedance analyzer measurement principle. (a) The photo
of HP4192A impedance analyzer with a four terminal fixture 16048A. The principle of this
four terminal pair measurement is drawn in (b) [Cited from HP4192A Guide Manual], the
estimation of impedance is made according to a two-terminal vector ammeter measurement
and a two-terminal vector voltmeter measurement. The measured impedance can be read
directly from the front panel display. (c) Schematic diagram of the four-to-two terminal
contact conversion used to obtain the impedance of the device between source (s) and drain
(d) using a HP4192A impedance analyzer with four output terminals, High current (HCUR),
High potential (HPOT ), Low potential (LPOT ) and Low current (LCUR). The impedance of the
four 1 m long coaxial cables making up the HP16048A test lead attachment is automatically
compensated for, while the correction for the impedance of the added 10 cm coaxial cables
is made using the analyzer’s ZERO CORRECT function.





Chapter 4

Observation of a giant, anomalous
piezo-response in space charge limited
silicon

In this chapter measurements of the piezo-response of the two-terminal devices described in
Chapter 3 are reported. The devices are fabricated from the device layer of a so-called fully-
depleted silicon-on-insulator (FDSOI) wafer in which the background doping corresponds
to a surface depletion layer width W ≈ 10 µm while the device layer thickness is d = 2 µm.
The devices are therefore depleted and transport occurs in the space charge limit. Evidence
for this will be shown by the non-linear current-voltage characteristic.

The non-linearity of the characteristic was in fact the first motivation for the impedance
spectroscopy measurements since a true measurement of πR cannot be achieved using
standard DC methods in this case. It was expected therefore that a VDC dependent πR

(corresponding to different values of the differential conductance) would be seen, but in fact
the use of impedance spectroscopy proved to yield far greater treasures than this.

This chapter shows, thanks to impedance spectroscopy, the existence of giant and anoma-
lous PZR under non-steady-state conditions (in devices whose steady-state PZR is just the
usual bulk effect), but the existence of a novel piezo-capacitance effect.

The power of the impedance spectroscopy method is used to prove that these unusual
phenomena results from stress-induced variations of charge trapping dynamics at unidentified
fast electronic traps. This conclusion is supported by a study of the DC voltage dependence
of the effects. Finally the symmetry of the giant PZR and PZC in stress indicates tentatively
that the fast traps responsible for both phenomena are those due to interface defects i.e.
intrinsic Pb−like defects at the Si/SiO2 interface.
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4.1 DC I-V characteristics of an FD-SOI device: evidence
for space charge limited currents (SCLC)

A side view schematic of the device is shown in Fig. 4.1(a). The top black layer is a several
nm native silicon oxide due to exposure in the air. The current flows between 2 metallic
Ohmic contacts, the source and drain (labeled s and d in the Fig. 4.1(a)). The measured
I-V characteristic under steady DC voltage is not Ohmic, but is rather non-linear as shown
by the blue dots in Fig. 4.1(b). The simulated I-V curves according to Ohm’s law and
Mott-Gurney’s law (see Eq. (2.57)) are presented as red and green curves respectively. The
agreement between the non-linear I-V characteristic and Mott-Gurney’s law indicates the
FD-SOI devices are in the space charge limited regime for the reasons discussed in section
2.3. However, the non-linear I-V characteristic is not perfectly quadratic (see the difference

Fig. 4.1 (a) Side view schematic of the FD silicon device, the current between two electrodes
parallels to ⟨110⟩ crystal direction. While the device is contacted via low resistance Ohmic
contacts, the current-voltage characteristics are non-linear, (b), which implies the depleted
device is in space charge limited (SCL). The simulated I-V characteristic according to Ohm’s
law and Mott-Gurney’s law are presented as red and green curves respectively.

between blue dots and green curve), and this could be due to a voltage dependence of the trap
emission rates according to Poole-Frenkel like effects as discussed in section 2.4 [81, 100].
Further details along these lines will be discussed in Chapter 6 for the defect engineered
samples.
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4.2 Impedance spectroscopy at zero stress: evidence for
trap-mediated SCLC

Using the experimental configuration shown in Fig. 3.7 with the HP4192A impedance
analyzer as the detector, the impedance spectrum is obtained. In this section, we only
concentrate on the measured conductance and capacitance as a function of frequency at zero
stress. Note here that the maximum DC bias VDC in the experiment is 10 V , and the additional
AC bias VAC is fixed at 1 V .

The frequency dependent conductance G and capacitance C under different VDC (labeled
by color) are shown in Fig. 4.2(a) and (b) respectively. Clearly, G increases, while C
decreases as the frequency increases; both are relative flat at low frequencies. VDC is also able
to vary G and C, especially for low and medium frequencies. The strong voltage dependence
of G observed at low frequencies in Fig. 4.2(a) is interpreted as being due to the voltage
dependence of ωe via a so-called phonon-assisted tunneling effect which will be discussed
further in section 4.5.
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Fig. 4.2 Zero-stress measurements of G0 (top) and C0 (bottom) as a function of ω and VDC.
At low frequencies capacitance measurements are difficult and the data is not shown.

From the non-linear I-V characteristic of FD-SOI device (see Fig. 4.1), we already knew
that device is in the SCLC regime. The frequency dependent conductance and capacitance of
a space charge limited semiconductor are shown in the Fig. 2.6 and 2.7 for the trap free and
with trapping cases respectively. Obviously, the frequency dependence of G and C shown
here imply that the devices are space charge limited and that traps are present in the active
area. Therefore Kassing’s model (see section 2.3) will be used to model the impedance as
well as the piezo-response (see section 4.4). To make the demonstration as simple as possible,
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Kassing’s model will be applied mainly to data obtained when VDC = 10 V in the remainder
of this chapter. In this section, we only focus on the simulation of zero-stress impedance as a
function of frequency.

As discussed in section 2.3, Kassing’s model considers only a single type of trap and
charge carrier case. However, in reality, the device contains a continuous distribution of traps
as indicated by the asymmetric, broad hump centered at about 180 K in the photo-induced
current transient spectroscopy (PICTS) signal shown in Fig. 1 of Appendix A. Broad PICTS
signals are usually indicative of a continuum of traps whose spectrum is spread by disorder at
the silicon/oxide interface [101]. These traps may have different properties, such as relative
densities, and capture and emission rates. To fully describe frequency variation of G and C by
using Kassing’s model, a compromise solution consisting of the inclusion of a finite number
of different trap types is considered. Here 6 traps represented by colored curves (orange, red,
green, purple, brown and cyan) in Fig. 4.3(a) and (b) are introduced. The overall value of
G0 and C0 are obtained by the sum of Kassing’s equivalent circuit of each trap in parallel
combination as indicated in the inset of Fig. 4.3(b).

(a) Simulated conductance. (b) Simulated capacitance.

Fig. 4.3 Simultaneous modelling of zero-stress data (black dots) obtained as a function of
frequency for VDC = 10 V . Six individual trap types represented by the coloured curves
(orange, red, green, purple, brown and cyan) are used to simulate a quasi-continuous trap
distribution. The individual results are added in parallel (see inset in (b)) to obtain the overall
response (black curves). Fit parameters can be found in Tables 4.1

The individual values of the conductance and capacitance for each trap type are calculated
using Kassing’s model with the parameters shown in Table 4.1:

As the density of the different trap types are not same, a pre-factor is used to weight each
individual curve, G0 and C0 (the trap weight in Table 4.1), which indicates relative densities
of each of the six traps (see the column labelled Relative weight (%) in Table 4.1). Apart
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Table 4.1 The fitting parameters used with Kassing’s model [74] to calculate G0 in Fig. 3.7(a),
and C0 in Fig. 3.7(b).

Trap number Line color in Fig. 3.7 ωc
(rad/s)

ωe
(rad/s)

Trap weight Relative weight
(%)

1 orange 800 104 0.19 2.1
2 red 105 100 0.03 0.3
3 green 3×105 100 0.5 5.5
4 purple 1.5×106 5000 0.8 8.9
5 brown 107 104 2.5 22.7
6 cyan 108 105 5 55.4

from these trap specific parameters (like Trap weight, ωc and ωe) shown in Table 4.1, there
are several parameters with a single value for all six traps:

• Source-to-drain transit time: T = 2×10−8 s

• Geometric conductance: Gg = 1×10−4 S

• Geometric capacitance: Cg = 6.5×10−13 F

The geometric capacitance and conductance can be observed at very high frequency (ω ≫ωc)
according to the discussion in section 2.3, and the values of Gg and Cg used here are chosen
to be approximately compatible with the high frequency data shown in Fig. 4.3. A reasonable
first guess for T can be made using the hole mobility, µp ≈ 0.03 m2/s, the distance between
contacts, d = 30 µm, and an electric field E =VDC/d = 1/3×10−5 ≈ 3×105 V/m. Then
T = d/(µpE ) = 3×10−8 s.

The overall values of G0 and C0 are estimated by adding the individual weighted Kassing
curves (see the coloured lines in Fig. 4.3) for the conductance and capacitance values in
parallel as indicated (inset) in Fig. 4.3(b). In Table 4.1, it is interesting to note that in all
cases except one (trap type number 1), the traps are fast (ωe ≪ ωc), with the remaining
case, depicted in orange in Fig. 4.3, being slow i.e. ωc < ωe. The choice of parameter
values must simultaneously fit both G0 and C0 data, so the excellent agreement between the
calculated values (black curves in Figs. 4.3(a) and (b)) and the data (filled, black circles) is
highly satisfactory. In summary, the non-linear I-V characteristic and frequency dependence
of conductance and capacitance indicate that the FD-device is in the SCLC regime in the
presence of fast traps.
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4.3 Frequency dependence of the piezo-impedance at fixed,
tensile stress

In this section, the effect of an external tensile, uniaxial mechanical stress of approximately
25 MPa applied parallel to the ⟨110⟩ crystal direction is studied. The PZR and PZC measured
using the HP4192A impedance analyzer will be represented and discussed.

PZR and PZC are estimated according to Eq. (3.4) and Eq. (3.5) and shown in Fig. 4.4
under variable DC voltage as a function of the frequency of the small AC voltage component.
PZR and PZC are not constants with variable frequency, but changing as a function of
frequency. Apart from normal p−type bulk PZR, the giant, anomalous PZR has been
measured as well. In the limit ω → 0, i.e. when the measurement frequency is significantly
smaller than the capture rates of each of the traps shown in the Table 4.1, the measured πR is
approximately equivalent to the bulk value +70×10−11 Pa−1 [17] shown as the red dashed
line in Fig. 4.4(a). Although there is a slight variation with VDC, it is never more than a
factor of two different from the accepted bulk value. This is consistent with previous DC
PZR measurements on this type of sample [38]. In contrast, a strong dependence of the PZR
is observed in a defect engineered sample over a larger DC voltage range as discussed in
Chapter 6.

As the frequency is increased, there is an obvious variation of PZR with VDC at medium
frequencies (frequency around 1×105 rad/s), followed by a drop and a sign change. At
higher frequencies the PZR has an anomalous sign (negative) and a giant magnitude, peaking
at πR ≈ −1100×10−11 Pa−1, more than an order of magnitude larger than the bulk effect,
around ω ≈ 1×107 rad/s. The capture rate ωc for each trap in the Table 4.1 are marked
as dotted lines in Fig. 4.4(a) to help us to compare it with applied frequency. A novel
PZC with large magnitude and negative sign is also reported here. A voltage dependence is
also seen especially in the the low frequencies, but a systematic trend with VDC is hard to
identify. As the frequency is increased, the PZC increases in magnitude to approximately πC

≈ −900×10−11 Pa−1 at VDC = 10 V before changing sign at the highest frequencies.

4.4 Theoretical description of the frequency dependence of
the piezo-impedance

To better understand the frequency dependence of the PZR and the PZC an extension of
Kassing’s model to include stress is required, and this is the achieved by assuming a stress
dependence of ωe and ωc. The justification for this assumption is as follows.
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Fig. 4.4 (a) PZR and (b) PZC as a function of ω for several values of VDC (labeled in (b))
obtained for an applied tensile stress of 25 MPa parallel to the ⟨110⟩ crystal direction. The
sign and magnitude of these coefficients is to be compared with π-bulk (red, dashed line in
(a)).

The principal effect of mechanical stress in solids is to shift electronic energy levels [16];
the stress-induced effective mass change giving rise to bulk PZR of p−type silicon discussed
in section 2.2 is due, for example, to shifts in the heavy- and light-hole valence band energies
[17, 51]. Consider for simplicity only the case of hole capture and emission (see expression
in Eq. (2.66) and 2.67) in the simplified version of the SRH model used by Kassing [74, 79].
The equilibrium trapped hole density pt0 and the hole concentration obtained when Fermi
level is equal to the trap energy (EF = ET ) p1 can be expressed as [72, 79]:

pt0 = Ntexp(−EF −ET

kBT
) (4.1)

and

p1 = Nvexp(−Et −EV

kBT
) (4.2)

where Nt and Nv are the density of traps and the effective density of states in the valence
band respectively. If ET depends on stress, then so to does pt0 and p1. Most importantly, ωc

and ωe may therefore be related to stress. We discuss the piezo-response here in two limits:

1. In the steady-state (ω ≪ ωc)

2. In non-steady-state (ω ≥ ωc)
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The PZR π-coefficient measured using steady DC techniques (black dots) compared with that
obtained at the lowest frequencies (ω ≈ 1000 rad/s) with impedance spectroscopy (red dots)
are shown in Fig. 4.5. VDC varies between 0 and 10 V . The good agreement between the
two approaches not only increases confidence in the impedance spectroscopy piezo-response
measurements but reinforces the notion that at low frequencies the FD-devices are indeed in
the steady-state limit. Moreover, in this limit the bulk PZR is measured. Another interesting

Fig. 4.5 The PZR π-coefficient measured using DC techniques (black dots) compared with
that obtained at lowest frequencies (ω ≈ 1000 rad/s) with impedance spectroscopy (red
dots).

point is a clear voltage dependence of the PZR, as can be seen from Fig. 4.5. This however
is relatively weak compared to that in the defect engineered samples discussed in Chapter 6.

4.4.1 Steady-state piezo-response in the space charge limit

The conductance in steady-state is approximately given by Eq. (2.71) which is reproduced
here for convenience:

G(0)≈ ωe

ωc
Gg = θGg. (4.3)

The steady-state PZR measured at low frequencies may therefore arise from either stress-
induced changes to Gg or to the ratio ωe/ωc. The geometric conductance is proportional to
the mobility and should therefore have a stress dependence equivalent to the usual bulk PZR.
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The fact that the steady-state PZR is close to the bulk value therefore implies that the ratio
ωe/ωc appearing in Eq. (4.3) is independent of stress i.e. that

πR =
d(θGg)

dX
1

θGg
=

1
ωe

dωe

dX
− 1

ωc

dωc

dX
+πbulk (4.4)

where the value of πbulk is the longitudinal PZR shown in Table 2.2 measured by Smith for
p−type bulk silicon, and

1
ωe

dωe

dX
=

1
ωc

dωc

dX
. (4.5)

Using the zero-stress values of ωe and ωc obtained from measurements of G0 and C0 and
given in Table 4.1, Eq. (4.5) can be used to establish the relative values of dωc/dX and
dωe/dX to be used in the stress-dependent version of Kassing’s model.

To understand physically why the ratio ωe/ωc is independent of stress, consider the
simplified SRH expressions given in Eqs. (2.64) and (2.65). It can be shown [74] that for
NT ≫ pt0, and for ωe ≪ ωc (i.e. for fast traps)

ωe

ωc
≈ p0

pt0
. (4.6)

Using the equilibrium statistics, Eq. (4.1) and p0 = NV exp(−(EF −EV )/kBT ), we then have

ωe

ωc
≈ 1

1+ NT
NV

exp(ET−EV
kBT )

. (4.7)

For deep traps (ET −EV )≫ kBT , and for NT not too small compared to NV then

ωe

ωc
∝ exp[−(ET −EV )/kBT ]. (4.8)

By combining Eq. (4.8) and Eq. (4.5), the following relation can be obtained:

dEV

dX
=

dET

dX
. (4.9)

This result indicates that if the stress-induced shifts in the valence band edge and the trap
energies are equal, then the steady-state PZR will not have a component due to stress-induced
changes in the trapping and emission rates. Rather it will be given by the usual bulk PZR as
observed here.
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4.4.2 Non-steady-state piezo-response in the space charge limit

In the high frequency range, ω ≫ ωc, where injected holes remain in the valence band during
the voltage period and the device behaves as if traps were absent. Any stress-induced changes
to ωc and ωe are therefore irrelevant in this limit, and a relatively small PZR comparable
to the bulk p−type value is expected. The measurement apparatus used here is not able to
reach this frequency regime, although a significant drop in the PZR is observed at the highest
frequencies in Fig. 4.5(a).

In the intermediate range, ω ≈ ωc, only partial relaxation of the non-equilibrium injected
charge from the bands to the traps occurs, and any stress-induced change to ωc and ωe may
result in large relative changes to the fraction of this charge which remains in the band during
a voltage cycle. In addition to the giant, anomalous PZR, an observed rapid variation of the
PZC is also due to stress-induced changes to the charge capture dynamics at fast traps (see
discussion in the next section). Thus, apart from the stress-induced change in the carrier
mobilities, there is an additional change in the non-equilibrium charge carrier densities
present in the bands. This is a purely non-steady-state phenomena and is fundamentally
different from stress-induced changes to the equilibrium carrier density resulting from the
volume density changes discussed in Chapter 2.

4.4.3 Piezo-resistance (PZR) and piezo-capacitance (PZC) simulation

According to the discussion above, the PZR and PZC are able to be simulated by using
Kassing’s model. The selected traps for the PZR and PZC simulation via the Kassing’s model
should be identical to those used in the simulation of G0 and C0 (see parameters in Table 4.1).
In order to make the simulation as simple as possible, two assumptions need to be claimed
here:

1. Since the applied stress is small (∼ 25 MPa) there is no creation of new traps, such
that the relative trap densities (i.e. the weight appearing in Table 4.1) are independent
of stress.

2. A linear variation with stress of ωc, ωe and T will be used here. The relative variation
of T is assumed to be equal to that of the carrier mobility due to T = d/v = 1

µp
d
E ,

where d is the distance between the two electrodes and µp is the hole mobility.
dT/dX =− 1

µ2
p

dµp
dX

d
E =−πbulk

1
µp

d
E . All these parameters are known, thus for VDC = 10

V , dT/dX =−1.2×10−18 s/Pa. This variation will be common to all traps since it is
a band property. In contrast, the variations of ωc and ωe with stress are individual for
each trap.
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In addition, several important points should be mentioned here as well:

• The strains resulting from the applied stress are less than 10−4 (i.e. far smaller than the
measured relative conductance and capacitance changes which are of the order of 10−2

to 10−1). Stress-induced geometry changes to Gg and Cg may therefore be considered
to be negligibly small.

• The traps used here are exactly same as those used in Table 4.1 and presented by the
same color compare to Fig. 4.3.

• The PZR and PZC at VDC = 10 V is modeled in detail.

• The stress-dependence of ωc and ωe for each trap type is chosen in order that ωe/ωc

be stress-independent according to the constraint given by Eq. (4.5), and the results
are given in Table 4.2.

Considering the expression for the PZR π−coefficient in Eq. (2.4), for the six traps used in
the model we have:

πR =
1

GTOT

dGTOT

dX

=
1

G1 +G2 +G3 +G4 +G5 +G6
(
dG1

dX
+

dG2

dX
+

dG3

dX
+

dG4

dX
+

dG5

dX
+

dG6

dX
) (4.10)

where G1 to G6 are the estimated conductances based on Kassing’s model as discussed in
section 4.3. The overall PZR π−coefficient is obtained by Eq. (4.10) according to Kassing’s
model, and is presented by the black curve in Fig. 4.6(a). Each of the coloured curves (orange,
red, green, purple, brown and cyan) corresponds to the six PZR components estimated from

1
∑

6
i=1 Gi

dG j
dX for j ∈ {1, ...,6}. The PZR simulation is well matched to the data measured at

VDC = 10 V , and the parameters we used to simulate these curves are shown in Table 4.2.
The six traps used here are exactly the same as those used in Table 4.1 to simulate G0 and C0.

The PZC is another phenomenon revealed by impedance spectroscopy which is not
accessible using DC methods. Unlike the steady-state PZR, the steady-state PZC is large,
with πC ≈−600×10−11 Pa−1 at VDC = 10 V . At higher frequencies it reaches approximately
πC ≈−900×10−11 Pa−1 before changing sign at the highest frequencies. In Kassing’s model
once the frequency dependence of G0, C0 and πR are simulated there are no longer any free
parameters available to determine the PZC; it must be consistent with the parameter values
shown in Tables 4.1 and 4.2 used to model the PZR. The capacitance is given by a ratio
∆Q/∆V , where ∆Q is the incremental change in the charge stored in the FD device occuring
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Fig. 4.6 Simultaneous modelling of piezo-response data (black dots) obtained as a function
of frequency for VDC = 10 V . The piezo-response of the six individual trap types used to
model G0 and C0 in Fig. 4.3 are represented by the coloured curves (orange, red, green,
purple, brown and cyan). The overall piezo-response is shown as black curves.

Table 4.2 The stress-dependence of the fitting parameters used with Kassing’s model [74] to
calculate the ω-dependence of the PZR and the PZC for VDC = 10 V in Fig. 4.6(a)and Fig.
4.6(b) respectively. The values in the last two columns are consistent with the values of ωe
and ωc given in Table 4.1 and the constraint given by Eq. (4.5).

Trap number Line color in 4.6 dωc/dX
(rad/s/Pa)

dωe/dX
(rad/s/Pa)

1 orange −10−5 −1.25×10−4

2 red −7.74×10−3 −7.74×10−6

3 green −2.25×10−3 −8.5×10−7

4 purple −4.75×10−2 −1.61×10−4

5 brown -0.12 −1.2×10−4

6 cyan -1 10−3
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due to an incremental change in the potential difference from source to drain, ∆V . Total
PZC curves shown in Fig. 4.6(b) for VDC = 10 V can however be done with an arbitrary sign
associated with each curve in order to account for the electron- or hole-like nature of the
traps as follows.

Since the applied stress modifies the density of trapped charge according to the trapping
dynamics arguments given above, this results in a change in the capacitance. The sign of the
trapped charge will therefore determine the sign of the capacitance change with stress. If
the trap is an electron trap, a stress induced reduction in the capture rate (see Table 4.2) will
reduce the average density of trapped electrons resulting in a net positive change in the total
trapped charge (and therefore an increase in the capacitance). According to the definition
of πC in Eq. (3.5) this will yield a negative PZC coefficient. The opposite will be true of
hole traps. Thus the individual PZC curves calculated using the parameters in Tables 4.1 and
4.2 must be multiplied either by a factor of -1 for hole traps or +1 for electron traps. In Fig.
4.6(b) the red (trap type number 2) and cyan (trap type number 6) curves have been multiplied
by -1 and therefore nominally correspond to hole traps. The other four traps are therefore
considered to be electron traps. If the fast traps involved here are the intrinsic Pb0 interface
defects (as the symmetry of the piezo-response discussed in Section 4.6 suggests) this would
be consistent with the amphoteric nature of such traps [102, 103]. The resulting PZC sum
yields an overall calculated πC at VDC = 10 V that is well matched to the experimental curve
as shown in Fig. 4.6(b). The ability to simultaneously match all four experimental curves
(G0, C0, PZR and PZC) in Fig. 4.3 and Fig. 4.6 with a single set of parameter values is strong
evidence that the giant, anomalous PZR and the novel PZC are both due to modifications of
the capture and emission dynamics of fast traps in the space charge limit.

In addition, by using measured G0, C0, PZR and PZC data in Eq. (3.6), the amplitude
and phase of πZ can be presented as shown in Fig. 4.7 for VDC = 10 V . At low and high
frequency πZ is dominated by the PZR. It is imaginary at the highest frequencies, real at the
peak piezo-response, and real at low frequencies (see gray boxes and labels). This result
again emphasizes that in steady-state, the overall piezo-response is just the bulk PZR due to
stress-induced charge carrier mobility changes. At intermediate frequencies however, πZ is
dominated by the PZC and switches from an imaginary to a real response with increasing
frequency. This result is specific only to the devices studied here. With appropriate parameter
values in Eq. (3.6), a FD-SOI device in which πZ is dominated either by the PZC or by
the PZR at some a desired frequency is conceivable. For the future potential application of
strain sensor, the value of πZ is very important, because it counts for the sensitivity of sensor.
Therefore, it is necessary to understand how πR and πC play role in in πZ .
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Fig. 4.7 The amplitude (black) and phase (blue) of πZ at VDC = 10 V calculated using Eq.
(3.6) from the data presented earlier. πZ can be real or imaginary, and may be dominated by
either the PZR or the PZC depending on ω (see labels in gray boxes). In steady-state the
overall piezo-response is close to the usual, bulk PZR given by πbulk.

The interpretation of the giant, anomalous piezo-response as being due to stress-induced
modifications of the fast trapping dynamics in the SCLC regime is further reinforced by the
observation of a strong, systematic voltage dependence of the PZR below ≈ 6×105 rad/s
as seen in Fig. 4.4(a), as well as the symmetry of the piezo-response in stress. These points
will be discussed in the next two sections.

4.5 Voltage dependence of the piezo-impedance at fixed ten-
sile stress

In Fig. 4.4(a) (colored circles), it’s easy to observe a remarkable systematic variation in
the PZR as a function of bias around ω = 6×105 rad/s, while this variation becomes
weaker at high frequency regime. As is well-known, trap emission rates can be related to
applied electrical field, for example due to the Poole-Frenkel effect or via phonon assisted
tunneling from the trap [83] (see section 2.4). In the latter case as the electrical field increases,
the emission rate, ωe, increases exponentially with the square of the electric-field strength
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according to Eq. (2.77):

ωe(E )

ωe(0)
= exp(

E 2

E 2
c
), (4.11)

where Ec is characteristic field strength, given by:

Ec =

√
3m∗h̄
e2τ3 , (4.12)

Eq. (2.77) can be written as:

ln(β ) = ln(
ωe(E )

ωe(0)
) =

E 2

E 2
c
. (4.13)

As Ec is independent of electrical field, therefore E 2 is linearly dependent on ln(β ). It should
be noted here that the pre-factor of emission rate, β , is the relative change of emission rate
induced by electrical field, and is identical for all six traps. In addition, if β is independent
of stress, then

dωe(E )

dX
=

dβωe(0)
dX

=
βdωe(0)

dX
. (4.14)

Since voltage is expected to principally affect the emission rates, the low frequency PZR
rather than the PZC is the relevant quantity to study because in the limit ω → 0, according
to Eq. (2.71) and Eq. (2.72), G0 → ωeGg/ωc whereas the capacitance, C0 →Cg/(ωcT ), is
independent of ωe. This also explains the obvious VDC dependent conductance shown in
Fig. (4.2)(a). The pre-factor β for each value of VDC is chosen to best match the voltage
dependence of the lowest frequency PZR peak (dashed lines) as shown for four VDC values
in Fig. 4.8(a) since it is this peak which is most sensitive to VDC. The resulting overall
PZR is shown as solid lines. The colours correspond to those of the data (circles) shown
in Fig. 4.4. This simple procedure is able to capture not only the voltage dependence of
the lowest frequency PZR peak, but also the relative insensitivity of the higher frequency
PZR to changes in VDC, despite the fact that the emission rates of the higher capture rate
traps have also been multiplied by β . As can be seen from the values of ωc and ωe in Table
4.1, the reason for this is that the trap with the lowest capture rate (orange lines in Fig. 4.6)
transitions from being a fast trap (ωe < ωc) at VDC = 0 V to a slow trap (ωe > ωc) at higher
absolute voltages. All the other traps, despite a voltage dependent variation in their emission
rates, remain fast traps over the experimentally tested range of VDC. Thus it becomes clear
that slow traps do not significantly contribute to the giant, anomalous piezoresponse (i.e.
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the amplitude of the orange peak is small in 4.6(a) at VDC = 10 V ). It is rather the stress
dependence of the trapping dynamics at fast traps which determine the giant, anomalous
piezo-response.

Fig. 4.8 (a) VDC dependence of the PZR with the data (circles) shown according to the colour
scheme of Fig. 4.4(a). An applied voltage increases all trap emission rates by a voltage
dependent pre-factor β . This preferentially increases the PZR of the slow trap (orange
curves in 4.6(a)) at low measurement frequencies. The individual PZR peak of this trap is
shown (dotted lines) along with the overall calculated PZR (solid lines). The values of β are
chosen so as to best match the low frequency PZR, and the resulting dependence of ln(β )
on V 2

DC shown in (b) suggests that the voltage dependence of the emission rates results from
phonon-assisted tunneling from the trap.

Returning to the voltage dependence of the pre-factor β used to describe the electric
field dependence of ωe, the linear variation of log(β ) (shown in Fig. 4.8(b)) favours an
interpretation in which the increase in trap emission rates with increasing applied voltages is
a result of phonon-assisted tunneling from the trap [83].
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Table 4.3 Voltage dependent pre-factors, β , used to account for the increase in all trap
emission rates with increasing applied voltage.

VDC(V ) β ln(β )
-10 40 3.67
-8 20 2.99
-6 4 1.39
-4 2 0.69
-2 1.6 0.47
0 1 0

4.6 The symmetry property of relative conductance change
in stress

Fig. 4.9 shows the relative stress-induced changes in G and C at two measurement frequencies,
ω = 1.5×104 rad/s (open circles) and ω = 1.5×107 rad/s (filled circles) for VDC = 10 V .
Negative values of X correspond to compression, while positive values of X correspond to
tension. The slope of these curves is proportional to πR and πC according to Eq. (3.4) and
Eq. (3.5). At low frequency, −∆G/G0 is approximately linear (i.e. odd) in stress, meaning
that the PZR π−coefficient has same sign for tensile and compressive stress as would be
expected for the steady-state, bulk p−type silicon PZR [17]. The stress symmetry of the PZC
at low frequency is not clear, partly because capacitance measurements are difficult at such
frequencies. Unlike the PZR however, it is not clearly odd. The high frequency PZR and
PZC are both even (but asymmetric) in stress. This symmetry has been reported elsewhere,
including in gate leakage currents [104] and in flash EEPROMs [105]. For example, the
stress-induced changes in the leakage current of a p−type silicon metal-oxide-semiconductor
capacitor is even with respect to a ⟨110⟩ crystal direction stress (see black line in Fig. 4.10(a)).
This was attributed to a large number of interfacial Pb−like defects that are created after
electric damage, and that are responsible for trap-assisted tunneling currents across the oxide
layer. The structure of the Pb0-centre is shown in Fig. 4.10(b), on a (001) silicon surface.
The symmetry of the response seen in Fig. 4.9 therefore provides tentative evidence that these
defects are the electro-mechanically active fast traps responsible for the non-steady-state
GPZR. As the surface of the sample is disordered, the Si/SiO2 interface is not atomically
flat, so the dangling bonds may point (Pb−like defects) at different direction, they are not
identical, each of them is slightly different, this explains why we have to use multiple traps
to simulated the impedance spectroscopy results. Note that, these symmetry arguments are
based on transport measurements only, and that a direct spectroscopic measurement of the
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stress symmetry of Si/SiO2 interface defects has not been made. This is addressed in the
following chapter.

Fig. 4.9 Stress symmetry of the PZR and the PZC at ω = 1.5×104 rad/s (open circles) and
at ω = 1.5×107 rad/s (filled circles) for VDC = 10 V . An odd symmetry is consistent with
the usual bulk PZR, while an even symmetry can be attributed to the electro-mechanical
response of intrinsic Pb0-centres at the silicon/oxide interface.

Fig. 4.10 (a)The stress-induced changes in the leakage current of a p−type silicon metal-
oxide-semiconductor capacitor is even in the ⟨110⟩ crystal direction stress. (b) The Pb0-centre
on the (001) silicon surface with a ⟨111⟩ crystal direction dangling bond. Extracted from
Ref. [104].



4.7 Small signal frequency spectroscopy of heavily doped p-type silicon device 71

4.7 Small signal frequency spectroscopy of heavily doped
p-type silicon device

The piezo-response of heavily p−type doped silicon device (p = 1018 cm−3) is shown here
in order to compare it with that of silicon devices in the SCLC regime. The geometry is
identical to the SCLC devices shown in Fig. 3.2 and Fig. 4.1 except that the thickness of the
device layer is 300 nm in this case, much thinner than SCLC device. In addition, according
to Eq. (1.4), the depletion layer width is estimated to be about 30 nm, ten times thinner than
thickness, so that W ≪ d. Therefore, bulk-like πR is expected to be observed here.

Fig. 4.11(a) shows the frequency dependence of the zero-stress conductance while Fig.
4.11(b) shows the frequency dependence of the PZR, both for VDC = 0 V . Black data points
in Fig. 4.11 correspond to devices measured soon after fabrication. The red data points
shown in the Fig. 4.11 present results measured on the same devices after a time interval
of one year during which the samples were stored in air. Note that in this sample in the
measured frequency range the capacitance-related quadrature component of the admittance is
negligibly small compared to the real, conductance-related component. Moreover, the device
shows no significant voltage dependence of either the conductance or the PZR, and for this
reason C0 and πC are not shown here. The device is in the Ohmic regime as indicated by the
linear I-V characteristic (see inset of Fig. 4.11(b)), and thus the equilibrium charge carriers
dominate transport. Even though surface states exist their density is negligible compared
to that of equilibrium charge carriers in the band. G shows almost no dependence on the
frequency as would be expected for a purely resistive device (see Eq. (2.1)). Note well the
scale of the conductance axis compared to the frequency-dependence of the conductance in
the SCLC devices. This frequency independence is coupled with an essentially frequency-
independent PZR where the measured π-coefficient is close to the usual bulk value, except at
the highest frequencies where it drops to zero and becomes slightly negative. The reason
for this variation is not clear, but it is never-the-less small compared to the variation in the
PZR with frequency of the SCLC devices that are sensitive to fast trapping dynamics. In
heavily doped, Ohmic device therefore, the conductance and PZR over most of the measured
frequency range are the same as those obtained from a DC measurement of the bulk PZR
effect.

Another important point that can be seen from Fig. 4.11 is that the contacts of device are
not the reason for giant, anomalous piezo-response in the SCLC devices. This is because the
fabrication procedure for the Ohmic contacts is identical for the heavily doped devices and
the SCLC devices. The absence of unusual PZR in the heavily doped devices shows that the
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Fig. 4.11 (a) Frequency-dependent conductance and (b) piezoresistance of heavily doped
p−type silicon device. The results measured immediately just after sample fabricated is
represented by black data points. This doped sample is in the Ohmic regime due to linear I-V
characteristic using DC measurement techniques as shown inset of (b).

piezo-response of the SCLC devices is due to a phenomenon occurring in the silicon and not
at the contacts.
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4.8 Conclusion

In this chapter, the steady-state piezo-response of the SCLC in natively-oxidized non-
intentionally-doped, p−type silicon is found to be just the usual bulk PZR using impedance
spectroscopy techniques. At frequencies much lower than the characteristic trapping rates,
impedance spectroscopy reveals the steady-state transport properties of the SCLC. In this
limit the PZR is just that of bulk silicon as described in section 2.2. This confirms the large
number of reports of bulk-like in nano-silicon, depleted or not, even in the presence of
charge traps whose trapping and emission rates are stress dependent. Arguments based on a
combination of the classic Shockley-Read-Hall model and Kassing’s model show that this
can be the case if the stress dependence of the trap energy and the (valence) band energy are
similar.

Impedance spectroscopy are however shown to give access to the non-steady-state piezo-
response where stress-induced variation in trapping and emission rates do results in giant,
anomalous PZR. In addition, impedance spectroscopy yield a quadrature response that
corresponds to a giant PZC. At measurement frequencies ω ≈ ωc, the PZR consists of
not only the stress-induced change in the charge carrier mobilities i.e. the bulk effect, but
also a significantly larger stress-induced change in the concentration of non-equilibrium
holes injected from the Ohmic contacts. This is fundamentally different from stress-induced
changes to the equilibrium charge concentrations which are negligible compared even to the
mobility changes. The PZC is in some respects complementary to the PZR in that it depends
on stress-induced changes to the trapped hole concentrations. The symmetry of the giant,
anomalous PZR and the PZC suggest that intrinsic Pb0 silicon/oxide interface defects are the
likely candidates for the electro-mechanically active fast traps.





Chapter 5

The stress dependence of the pinned
surface Fermi level at an Si/oxide
interface

In Chapter 4 a model of stress-induced changes in the capture and emission rates of fast
electronic traps was proposed. Experimental evidence, and in particular the even symmetry
of the piezo-response under tensile and compressive mechanical stresses, suggests that the
fast traps responsible for the observations are deep, intrinsic interface defects i.e. Pb0-like
defects at the (001) silicon/oxide interface. These are the same types of deep centres that
are responsible for the pinning of the Fermi level at the silicon/oxide interface close to an
energy ET . To further explore the proposition that Pb0 centres are at the origin of the giant,
anomalous piezo-response, an X-ray photo-emission spectroscopy (XPS) experiment on
the surface of stressed, silicon cantilevers is undertaken in this chapter. The experiment
is presented in section 5.1. In section 5.2, two cantilevers whose top surfaces are stressed
either in tension or in compression are described. Meanwhile, in section 5.3, the stress-
induced surface Fermi level shifts and the means to measure them using X-ray photo-electron
spectroscopy (XPS) mapping are introduced. In section 5.4, Raman maps and XPS maps are
combined together in order to determine the stress dependence of the pinned surface Fermi
energy. Interestingly an even symmetry of the pinned surface Fermi level in stress is obtained.
The directly measured shifts in energy are compared with values obtained elsewhere via
indirect transport measurements [104–107]. A simplified estimate of the local potential at a
Pb0 dangling bond also shows an even symmetry in stress, indicating that the observations
are consistent with an interpretation based on the stress dependence of ET for these traps.
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5.1 Experimental strategy and sample holder design

The Pb0 interface defect is postulated in Chapter 4 to be responsible for the giant, anomalous
piezo-response in non-steady-state. Moreover, Pb0-like silicon dangling bonds at (001)-
oriented Si/SiO2 interfaces are the majority interface states [108, 109] and can therefore
also be responsible for surface Fermi level pinning near the middle of band gap [110–112].
It should then be possible, via an XPS measurement, to directly measure stress-induced
changes to the surface Fermi level that may be related to the stress dependence of ET of the
Pb0-centres. The silicon cantilever used here are already presented in section 3.1 and the
experimental details will be discussed in this section.

5.1.1 Experimental strategy

Stress-induced surface Fermi level shift measurement

XPS is an ultra sensitive surface technique which permits the detection of the silicon surface
Fermi level position relative to its value at a contact held at some reference potential. It does
this by measuring the energy shift in the silicon core level states using high resolution XPS
[113]. The experimental schematic for XPS is shown in Fig. 5.1(a) for a p−type silicon
sample. A beam of monochromatic X-ray photons is emitted from an X-ray source of photon
energy hν , and incident on a silicon surface at an angle α . These photons are able to ionize
the silicon atoms resulting in the escape of electrons from a bound state to a free state. For the
silicon surface electrons have to overcome the work function, φs, to escape. This is defined
as the minimum energy required for an electron to jump from the Fermi level to the vacuum
level. The kinetic energy of emitted electrons, Ek is:

Ek = hν −EB −φs, (5.1)

where EB is the binding energy of the core electron (defined as the energy required to free
electrons from their atomic orbits). The energy diagram of a p−type silicon is shown in Fig.
5.1(b). In Eq. (5.1), φs can be extracted by measuring the Fermi level on a metallic reference
gold sample. In this way, the Fermi level of the sample and analyzer are aligned as shown in
Fig. 5.1(b). The kinetic energy of photo-emitted electrons measured by the detector shown
in Fig. 5.1(a) through the analyzer (Eka) is related to the work function of analyzer φa. In
this case, it is no longer necessary to know exactly the work function of the sample, and Eq.
5.1 can be written:

Eka = hν −EB −φa. (5.2)
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Fig. 5.1 (a) Schematic of the basic XPS measurement geometry. An X-ray beam (purple
solid arrow) of photon energy hν is incident on the surface of the sample and photo-excited
electrons (blue solid arrow) with sufficient energy to overcome the work function are emitted
into vacuum with a kinetic energy Ek. The kinetic energy spectrum is measured with a
hemispherical analyzer. (b) Schematic representation of the silicon energy levels when the
sample and the analyzer are connected and grounded in order to align the Fermi levels.

Electronic energy band bending occurs at the silicon surface due to the compensation
of surface charge by opposite charges in the bulk silicon (see gray area in the Fig. 5.1(b)).
This band bending results in a so-called space charge layer (SCL) or depletion layer shown
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in yellow in Fig. 5.1(b) [36]. The surface state energies ET refer to the energy between the
Fermi level EF and the valance band minimum EV BM. The Si 2p core levels also bend in the
SCL and the energy between the core levels and the EV BM is constant [114].

In Eq. (5.2), the X-ray photon energy hν , the photo-electron kinetic energy Eka and the
analyzer work function φa are known parameters, and it is then easy to estimate the core
electron binding energy EB from a measurement of the photo-electron kinetic energy. The
XPS spectrum is then presented as the distribution of electrons as a function of either the
kinetic energy (Eka) or the binding energy (EB). The peak in the XPS spectrum corresponds
to the energy level where electrons are most likely to appear, i.e., the energy of atomic orbits.
Generally speaking, the thickness of the sample probed by XPS is less than ten nm and is
related to the inelastic mean free path (IMFP) of photo-exited electrons. The IMFP, defined
as λ , describes the average distance that an excited electron can move before it undergoes an
inelastic loss. The probability for an excited electron to move a distance d in the medium
without inelastic loss is:

P(d) = exp(− d
λ
). (5.3)

The IMFP depends phenomenologically on the kinetic energy as shown in the following
equation [115] and in Fig. 5.2:

λ =
143
Ek

2 +0.054
√

Ek. (5.4)

For the approximate electron kinetic energies measured in this work (≈ 100 eV , see
section below) λ ≈ 0.6 nm. Thus XPS really detects the surface of the silicon sample at
depths much smaller then the SCL width, which for these samples is estimated to be of the
order of 30 nm.

If ET shifts with stress as the discussion in Chapter 4 indicates, then according to Fig.
5.3 this shift can be detected as a shift in the Si 2p core level peaks with stress. This is the
principle motivation for this work. Explicitly:

dEB

dX
=

dET

dX
=−dEk

dX
, (5.5)

since the photon energy in Eq. (5.2) is constant.
The samples studied here via XPS are statically deflected (fixed-free) cantilevers whose

surface stress varies as a function of position. By scanning the X-ray beam over the surface
it is therefore possible to obtain the core level peak position for different stress values in a
single static object.
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Fig. 5.2 The inelastic mean free path (IMFP), λ , as a function of kinetic energy for various
solid elements. Extracted from Ref. [115].

5.1.2 Sample holder design

The sample holders were specifically developed for the TEMPO beam line at Soleil syn-
chrotron and are completely UHV compatible. They are designed so that the long, rectangle
sample seen in Fig. 3.3 can be solidly clamped at one end (to be known as the fixed end as
shown in Fig. 5.4(a)). The other end is free to move (the free end as labeled in Fig. 5.4(a))
and a static deflection, ∆z, is applied to the free end using an adjustable screw. As seen in
Fig. 5.4(b), if ∆z is positive the top surface (in red) is compressively stressed whereas ∆z is
negative the top surface is tensile stressed (see Fig. 5.4(c)). By virtue of the orientation in
which the cantilevers were cut, these are uniaxial stresses applied parallel to the ⟨110⟩ crystal
direction.

The stress along the top surface of the cantilever is maximum at the fixed end and zero
at the free end. It varies linearly along the y−axis defined in Fig. 5.4(a) according to the
cantilever formula [97],

X =
F
Z
(l − y), (5.6)

for a free end deflection of

∆z =
Fy2(3l − y)

6EI
. (5.7)

The physical meaning of parameters in above equations are shown in Table. 5.1. At the
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Fig. 5.3 Energy level diagram for the surface of p-type silicon showing the electronic structure
in the bulk and in the space charge layer (SCL) with tensile (red) and without (black) stress.

Table 5.1 The parameters in the fixed-free cantilever model [97].

Parameter Physical meaning Unit
X Stress at specific point N/m2 (Pa)
F Force loaded at the end of cantilever N
Z Section modulus of the cross-section of cantilever = I

t/2 m3

I Moment of inertia of cross section m4

t Thickness of cantilever m
l Length of cantilever m
b Width of cantilever m
y Position of cantilever in y-direction m

∆z Deflection of cantilever m
E Modulus of elasticity N/m2

free end when y = l, cantilever deflection is maximized and

∆zmax =
Fl3

3EI
, (5.8)
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Fig. 5.4 (a) p−type silicon cantilevers with ohmic contacts visible at each end that make
contact with the earthed sample holder shown right. The x− and y−axes are marked in mm in
order to locate pixel positions in the subsequent Raman and XPS maps. Using a mechanical
screw to apply a force as shown in (b) and (c), the free end of the cantilever is deflected by ∆z.
(b) An upwards deflection yields a uniaxial, compressive stress parallel to the ⟨110⟩ crystal
direction on the top surface, with a maximum at the free end. (c) A downwards deflection
yields an equivalent tensile stress.

so that by substitution into Eq. (5.6), the stress distribution on the top cantilever surface is:

X =
3Et∆zmax

2l2 (l − y). (5.9)

5.1.3 Experimental set-up

Stress measurement using a micro-Raman spectrometer

The real stress as a function of position (x, y) on the cantilever surface can be estimated using
micro-Raman spectroscopy [116, 117]. Raman spectroscopy is a powerful optical technique
to observe inelastic photon scattering by elementary vibrational excitations (phonons) in the
sample. As depicted in Fig. 5.5, after a monochromatic laser photo-excites the sample a
scattering process occurs and energy is transferred between incident photon (hν) and the
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atoms. As a result a scattered photon with energy of hνs is emitted and

hνs = hν ±hΩ. (5.10)

In the scattering process most photons are just elastically scattered without any energy
loss to the atoms. This is known as Rayleigh scattering and corresponds to Eq. (5.10) with
hΩ = 0. What we care more about is inelastic scattering due to photon absorption or creation
while being scattered by phonons. In this case hΩ ̸= 0 and the incident photon frequency is
shifted. This is the well-known Raman shift which is related to the mechanical properties of
the sample. If the final vibrational state of atom is higher after scattering, then the photon
frequency is lowered and the sign of hΩ in Eq. (5.10) is negative. This is referred to as a
Stokes shift. In contrast, if the final vibrational state of atom is lower after scattering, then
the photon frequency is increased and the sign of hΩ is positive. This is referred to as an
anti-Stokes shift. Using Raman spectroscopy, we are able to obtain a spectrum of the allowed
Raman-active phonon modes of the sample.

Fig. 5.5 (a) Raman and Rayleigh scattering after incident light via a atom, extracted
from www.horiba.com. (b) Energy level diagram of different scatterings, extracted from
wikipedia.org.

In the presence of a external mechanical stress lattice parameters change and so too does
the phonon frequency [116, 117]. Each of the stress-shifted phonons has its own vibrational
frequency, νε which is linearly lifted in stress from its zero-stress frequency, ν0. Therefore, a
shift ∆Ω = νε −ν0 can be used to optically measure stress applied on the cantilever according
to:

∆Ω =−kX , (5.11)
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where k a proportionality factor and X is the uniaxial stress. Consequently, it’s possible to
combine the stress-induced surface band bending shift and stress distribution by measuring
XPS and Raman spectroscopy map, respectively. In silicon for a uniaxial stress along the
⟨110⟩ crystal direction k = 2×10−9 [118, 119].

The Raman spectrometer used here is model of LabRAM HR Evolution manufactured by
Horiba as shown in Fig. 5.6. This Raman spectrometer has blue and red laser sources with
wavelength of 486 nm and 633 nm, respectively. We chose the laser source according to the
different light penetration. Since the surface stress is interested in our case, obviously, the
blue laser source, which has shorter penetration depth, is preferred in this experiment. The
controllable and movable sample observation stage allows us to scan the surface of cantilever
with constant step in the x− and y−directions. Moreover, during the measurement, the laser
beam emitted from objective will be automatically focused on the surface of cantilever by
an auto-focus technique and the objective’s varying position in the z−direction is recorded.
This is in fact the relative deflection of the cantilever, ∆z, due to stress. This helps to verify
the surface stress estimation result from the Raman spectroscopy measurement by comparing
it with the cantilever formula (see Eq. (5.9)) with a known deflection.

Fig. 5.6 Picture of the Raman spectrometer, a LabRAM HR Evolution produced by Horiba.
Extracted from www.horiba.com.

Fig. 5.7 shows an example Raman spectrum of silicon on an unstressed cantilever. The
characteristic longitudinal optical (LO) phonon Raman peak of silicon is 521 cm−1. A stress
applied on the cantilever will shift this LO phonon peak. Using a Raman map, a spectrum
associated with each scanned pixel on the cantilever surface is used to obtain the stress
relative to the pixels at the free end where the stress is zero (see Eq. (5.9) with (l − y) = 0).
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Fig. 5.7 An example Raman spectrum of silicon cantilever with zero-stress, the characteristic
LO phonon Raman peak of silicon is 521 cm−1.

5.2 Using Raman microscopy to map stress on statically
deflected silicon cantilevers

5.2.1 Surface stress detection by Raman spectroscopy

Fig. 5.8 shows the Raman spectra of two points, one of which is located at the free end (black
curve) and the other of which is located at the fixed end (red curve) of the tensile stressed
cantilever. At the free end, the Raman peak is positioned at 521 cm−1, and this is equivalent
to the zero-stress LO phonon silicon Raman peak, proving that the stress is zero at the free
end. For the Raman spectrum at the fixed end the peak is shifted by -0.46 cm−1 indicatng
according to Eq. (5.11) a tensile stress of 230 MPa is applied at the fixed end.

To estimate the stress distribution, the surface of statically deflected cantilevers are
scanned by Raman spectroscopy with a step of 0.2 mm in both the x− and y−directions. The
stress distribution is estimated by measuring stress-induced shift in the Si LO phonon Raman
peak taking the Raman peak at the free end as the reference. Fig. 5.9 shows two stress maps,
one for upward and one for downward deflected cantilevers respectively. The colour in the
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Fig. 5.8 The Raman frequency measured at the fixed (red curve) and free (black curve) ends
of a tensile stressed cantilever. The stress-induced shift between the peaks is approximately
-0.46 cm−1, corresponding to a tensile stress at the fixed end of the cantilever of about 230
MPa [118, 119].

map presents the value of stress and the unit in the colour bar is MPa. Both compressive and
tensile stress distributions (see Fig. 5.9(a) and (b)) indicate that stress varies approximately
linearly in the y−direction decreasing in magnitude from the fixed end to the free end as
expected for a fixed-free cantilever (see Eq. (5.9). Note that the dimensions of the maps are
smaller than the actual cantilever size (11 mm × 3 mm) especially in the tensile map. This is
because only the silicon active layer counts, and it is not necessary to measure the Raman
peak in the Ohmic contact regimes. In the XPS experiment that will be discussed in section
5.3, the useful scanning area is smaller than the cantilever due to unidentified contaminants
on the edges of the surface. In order to facilitate compareson of the Raman and XPS maps,
only the parts of the Raman maps that were successfully mapped with XPS are shown.

The maximum compressive stress is 90 MPa which is lower in magnitude than that of
tensile stress, 240 MPa, because the mounting procedure in compression is more delicate
than that in tension. Obviously, the stress distribution shown in Fig. 5.9 is not that of an ideal
fixed-free cantilever. For example, in the case of the tensile cantilever the maximum stress
appears at the bottom left corner of the fixed end, while the minimum stress appears at top
right corner of the free end. This is because the clamped point at the fixed end introduces a
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Fig. 5.9 Maps of the uniaxial mechanical stress applied parallel to the y−direction (⟨110⟩
crystal direction) obtained using Raman spectroscopy for a cantilever whose top surface is
under compression (a) and tension (b). The x− and y−coordinates of the maps correspond
to those given in the image of the cantilever in Fig. 5.4(a). Colour bars correspond to the
measured stress in MPa.

torsion on the cantilever. This demonstrates nicely why the stress should be measured using
Raman spectroscopy rather than relying on the cantilever formula Eq. (5.9).

5.2.2 Stress verification

Even though, the stress estimation obtained by beam formula of cantilever is not a perfect
method compare to the Raman spectroscopy, it is still worth using it as a verification of the
stress distribution. The average deflection at the free end, ∆zmax, is -117 µm and 214 µm in
compression and tension respectively. Using an offset in the y−direction to account for the
contacts Eq. (5.9) is re-written:

X =
3Et∆zmax

2l2 (l − yo f f set − y) (5.12)

where yo f f set = 1.3 mm is the length of the Ohmic contacts, E = 169 GPa is the modulus
of elasticity [120], t ≈ 400 µm is the thickness of cantilever and l = 11 mm is the length of
cantilever. The estimation of stress on the surface of cantilever according to Eq. (5.12) is
shown in Fig. 5.10, with the red and black lines corresponding to the compressive and tensile
stresses respectively. The red and black dots present stresses averaged along the x−coordinate
in Fig. 5.9. The stresses obtained by the two different methods are well matched to each
other, a convincing confirmation of the results measured by Raman spectroscopy.
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Fig. 5.10 The line profiles (dots) found by averaging over the measured stress at each x value
for a given y value of the stress maps shown in Fig. 5.9. They agree well with the values
found by using the beam formula and the measured amplitude of the free end deflection
(solid lines).

5.3 X-ray photo-emission mapping on statically deflected
silicon cantilevers

X-ray photo-emission spectrometer

The X-ray photo-emission spectroscopy experiments where performed at TEMPO beam
line of the SOLEIL Synchrotron radiation source with the project number 20170112. A
photograph of the whole system is shown as Fig. 5.11. The pre-stressed cantilever is put in
the transfer chamber and then sent to the UHV analysis chamber. An X-ray photon beam
(hν = 200 eV ) is incident on the sample surface, and a Scienta SES 2002 electron energy
analyzer operated in the swept and fixed modes with a 100 eV pass energy is used to measure
the kinetic energy spectrum of electrons photo-emitted from the sample. Without any further
modification to the cantilever deflection ∆z, these two cantilevers were taken to this beam
line and measured by XPS. The scanned area and number of scanning pixels on the cantilever
are identical to the Raman spectroscopy experiment, so that, the measured stress-induced
surface Fermi level shifts can be matched to the stress as much as possible.
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Fig. 5.11 X-ray photo-emission spectrometer at the TEMPO beam line in the Soleil Syn-
chrotron. Extracted from https: www.synchrotron-soleil.fr.

5.3.1 Swept scan mode — surface oxidation distribution

It should be noted, that XPS peaks are observed to shift not only along the y−direction of the
cantilever due to stress but also across the x−direction of cantilever. Analysis shows that this
latter peak shift is due to a variation in the oxide thickness across the width of cantilever.

A typical XPS spectrum in kinetic energy is taken near the middle of the tensile stressed
cantilever and shown in Fig. 5.12 (red dots with black line) as an example. This spectrum
includes the silicon Si 2p core level peaks arising from silicon incorporated in the oxide, and
the oxidation state is labeled as 1+, 2+, 3+ and 4+ for Si atoms bonded to 1, 2, 3 or 4 oxygen
atoms respectively. As well as the silicon of the crystal itself which is indicated by Si0 2p 3/2
and Si 2p 2nd plane labeled B and I respectively in Fig. 5.12. The kinetic energy ranges from
94.5 eV to 102.5 eV with a 20 meV step, a so-called swept scan. In swept scans, we have
complete information about silicon and its various possible ionic states in the disordered
oxide. Each state yields a doublet with a spin-orbit splitting of about 0.6 eV , and the intensity
ratio is 1:2 between 1/2 and 3/2 spin-orbit split states forming each doublet. The spectra are
fitted using Voigt functions, i.e. the convolution of a Gaussian by a Lorentzian. The choice
of the surface components is inspired by previous XPS works on the oxidized silicon surface
[121, 122]. The intensity, area, kinetic energy shift and Gaussian broadening of the Voigt
functions are summarized in Table 5.2.

Generally speaking, the bond energy between Si−O is lower than that of Si−Si [123],
and therefore the existence of oxidation states will be reflected in the XPS spectrum, i.e. the
shifted Si 2p core level. This explains why the silicon oxide states’ peak could be observed
by photo-emission spectra. More importantly, these bonds influence the Si−Si bond as well
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Fig. 5.12 Swept scan XPS Si 2p core level spectrum (hν = 200 eV ) of the middle pixel on
the tensile stressed cantilever surface. The experimental data curve (red dots) is fitted with
sums of Voigt components (black solid lines). The fitting components are represented as
colored lines, each of them consisting of a Voigt doublet. The fitting parameters are reported
in Table 5.2.

Table 5.2 XPS fitting parameters used in the 5.12 in the swept scan mode.

core level Lable Intensity
×105

Relative Ek shift
(eV )

Width
(eV )

Si 2p 3/2 B 17.5 0 0.44
Si 2p 2nd plane I 4 -0.23 0.37

Si+ 3/2 1+ 2.5 -0.9 0.57
Si2+ 3/2 2+ 1.6 -1.88 0.9
Si3+ 3/2 3+ 5.6 -2.9 1.1
Si4+ 3/2 4+ 16.2 -4.1 1.66

including bulk Si 2p core level, the so-called "chemical shift" of the oxidation states. This
"chemical shift" is surface oxide thickness dependent [124], i.e. the differences between
silicon oxidation states 2p core level and bulk silicon 2p core level increase with increasing
oxide thickness. The thicker the silicon oxide layer, the more silicon/oxygen bonds exist,
implying greater influence on the Si 2p peak position [122, 125]. Therefore, the silicon
oxide layer thickness becomes extremely important in the analysis of the stress-induced band
bending shift because its value affects the peak positions too. In this section, we will discuss
the influence of oxidation on Si 2p 3/2 core level peak intensity and position, and how to
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correct for the effect of the oxide thickness. Luckily, it is possible to estimate the oxide
thickness from the relative integrated intensities of the bulk and oxide components obtained
by a fitting process (see Table. 5.2) according to [126, 127]:

dox = λ sinθ ln[
ISiO2

ISi
A+1] (5.13)

where A= (Dsysλs)/(D f y f λ f ). Here θ = 90◦ is the take-off angle related to the experimental
geometry, Ds and D f are the densities of silicon atoms in the crystal and surface oxide layer
respectively, ys and y f are the atomic photo-ionization cross sections, and λs = 0.56 nm and
λ f = 0.54 nm are the electron escape depths for this photon wavelength [115, 127]. Using
the values in Table 5.2 corresponding to the spectrum shown in Fig. 5.12, this yields an
approximate oxide thickness of 1.15 nm. By repeating this procedure for each spectrum
measured by scanning the cantilever in front of the beam, a map of the SiO2 thickness is
obtained as shown in Fig. 5.13(a). The oxidation thickness distributes between 1 nm and
1.4 nm, presented as color (see color bar). Intriguingly, the silicon oxide is systematically
thinner along the central axis of the cantilever than along its two edges. This is attributed to
the fact that during the two-month storage time mentioned above, the protective photoresist
only allows for oxidation of the silicon to occur via oxygen diffusion from the sawn edges of
the cantilever. The effective oxygen exposure time is therefore longest towards the edges of
the cantilever, resulting in an oxide layer that tends to be thicker there than along the middle
of the cantilever. The absolute kinetic energy difference between Si4+ 2p core level and bulk
Si 2p core level versus oxide thickness in x−direction is plotted in Fig. 5.9(b) (red dots).
In x−direction, the cantilever has less influence from stress due to the homogeneous stress
distribution (see maps in Fig. 5.9), however the influence from the oxide thickness in this
direction is stronger. The value of the energy shift of Si4+ approximates that without stress
reported by Th. Eickhoff [124], (see empty circles of Si 2p in Fig. 5.9(b)) and the slope
respects to oxide thickness is about 500 meV/nm [125]. Therefore, in addition to stress, the
inhomogeneous oxide thickness can also shift the observed bulk Si 2p core level. Obviously,
in order to estimate the surface band bending energy shift induced by stress, it is important to
separate the oxidation effect from it. The pixels with the same y−coordinate in the middle
of cantilever (y ≈ 4mm) are selected and analyzed. These pixels affected by approximately
identical stress but with variable oxidation thickness, shown as black curve in Fig. 5.14(a).
However, the intensity of bulk Si 2p core level tends oppositely which is presented as blue
curve in Fig. 5.14(a). In other words, the intensity decreases as oxide thickness increases
(see Fig. 5.14(b)). Therefore, it is then possible to avoid oxidation-induced "chemical shift"
by choosing the pixels with the same oxide thickness, i.e. the same intensity of Si 2p core
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Fig. 5.13 (a) The calculated surface silicon oxide thickness distribution of the tensile stressed
sample demonstrates that the oxide layer is thicker near the edges of the sample. (b) Energy
shift of Si4+ versus oxide thickness from x−direction of cantilever under tensile stress (red
dots) and reported by Th. Eickhoff (empty circles of Si 2p) respectively [124].

level. In order to avoid as much as possible the influence of the oxide related peaks, we focus
on the bulk Si 2p 3/2 core level peak position for the study of stress-induced core level shifts
since this peak is furthest from the oxide related peaks.

5.3.2 Fixed scan mode — surface Fermi level shift

In the last section, the influence of surface oxidation was discussed and a solution to avoid
the oxide-induced shift in bulk Si 2p 3/2 core levels was also given. In this section, the
stress-induced shift in the surface Fermi level will be discussed. Instead of a swept scan
mode, the fixed mode will be used here because it is faster. The spectral window can be fixed
but a narrower electron kinetic energy range will be recorded. Here a kinetic energy range
from 99.2 eV to 102.3 eV with a 10.4 meV step was used since it contains information mostly
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Fig. 5.14 (a)The oxide thickness (black curve) and the intensity of bulk Si 2p core level (blue
curve) versus x-direction position on the cantilever respectively. (b) Intensity of bulk Si 2p
core level is linear to the oxide thickness indicates that the thicker oxide layer corresponds to
lower intensity, vice versa.

about the bulk silicon 2p core levels and a partially of the oxide states (Si+). Measurement
of maps with a spatial resolution equivalent to those performed with Raman spectroscopy
using a swept scan requires approximately 16 to 20 hours for each sample, while the fixed
scan only takes about 6 to 8 hours. In order to save time to do as many experiments as
possible in 3 beam-time days, we did one initial swept scan and another 3 fixed scans of
the two available samples. This saved 30 to 36 hours allow us to finish our experiments in
time. In the fixed scan, the spectrum is fitted by three sets of Voigt curves, two doublets
corresponding to the spin-orbit split Si 2p core level doublets for the bulk silicon and the
2nd plane of silicon atoms respectively, and a singlet corresponding to a Si 2p oxide peak
[121]. The doublet splittings are fixed at about 0.6 eV and the intensity ratio of each doublet
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is 1:2. The combination of these constrained components fits the measured spectrum well as
presented in Fig. 5.15. The fitting parameters are reported in Table 5.3. The oxidation state
is labeled as Si+, the label B and I indicate Si0 2p and Si 2p 2nd plane respectively as for the
swept scan.

Fig. 5.15 Fixed scan XPS Si 2p spectrum (hν = 200 eV ) of the middle pixel on the compres-
sively stressed cantilever surface. The experimental curves (red dots) are fitted with sums of
Voigt components (black solid lines). The fitting components are represented as black lines,
each of them consists of a Voigt doublet. The fitting parameters are reported in Table 5.3.

Table 5.3 XPS fitting parameters used in Fig. 5.15 in the fixed scan mode.

core level Label Intensity
×105

Relative Ek shift
(eV )

Width
(eV )

Si0 2p 3/2 B 22.1 0 0.4
Si 2p 2nd plane I 1.2 -0.25 0.35

Si+ 3/2 Si+ 2.08 -0.99 0.38

According to the discussion in the section above, to avoid the influence of oxide thickness,
only the pixels with the same bulk Si 2p core level intensity are taken into account. Repeating
this fitting process for each detected pixel the intensity of the bulk Si 2p 3/2 core levels are
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obtained and shown in Fig. 5.16(a) and (c) as maps in compression and tension respectively.
Both of these maps indicate that higher intensity is detected in the middle of the map, while
lower intensity is detected around the edges, consistent with the inhomogeneous surface
oxide thickness distribution (see Fig. 5.13(a)). The correction for the variable oxide thickness
is achieved by extracting (for each value of the x−coordinate) only pixels whose intensity is
the same along the y-direction, at least to within an arbitrarily imposed 2 % variation around
some mean value. It’s then possible, to estimate the unique stress induced changes in Si 2p
core levels. The selected pixels are shown in Fig. 5.16(b) and (d), and the similar intensities
manifest themselves as constant colours along each line in the y−direction.

Fig. 5.16 The intensity of bulk Si 2p core level map of (a) compressive and (c) tensile stressed
cantilever. (b) and (d) present the pixels selected according to their similar bulk Si 2p 3/2
core level intensity in each y−coordinate of compressive and tensile stressed cantilever
respectively.
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Since they have similar intensities, the pixels shown in Figs. 5.16(b) and (d) have the
same oxidation "chemical shift" effect, and therefore any relative shift of bulk Si 2p 3/2 core
levels for these pixels is due purely to external mechanical stress. As stress is approximately
zero at the free end according to the stress estimated by Raman spectroscopy (see Fig. 5.9),
the bulk Si 2p 3/2 core level peak position at the free end of the cantilever is regarded as
the reference, and the difference between that and the peak position of other pixels is the
relative shift of the bulk Si 2p 3/2 core level due to stress. Fig. 5.17 (a) and (b) are maps
of stress-induced relative shifts of the pixels in the compressive and tensile stressed cases
respectively. These pixels’ x− and y−coordinates are identical to those shown in Fig. 5.16(b)
and (d). The maximum shift is 16 meV and 25 meV under compressive and tensile stress
respectively. From the colour of both maps, regardless of whether the stress is compressive
or tensile the shift tends to be in the same direction. The colour is more red on the left hand
side of the maps where the compressive and tensile stress magnitudes are largest. This is
the first suggestion that the Si 2p 3/2 core level positions exhibit an even response in applied
stress. In order to observe the stress-induced shifts directly, and to illustrate the ability to
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Fig. 5.17 Maps of the Si 2p 3/2 core level peak shifts relative to that obtained at the free end
of the cantilever under (a) compressive stress and (b) tensile stress. The active (coloured)
pixels shown in the maps are selected because they have, to within 2 %, the same intensities
and therefore oxide thickness. The x− and y−coordinates of the pixels shown in the maps
correspond to the coordinates in Fig. 5.16(b) and (d).

resolve XPS peaks with meV accuracy, three example spectra are chosen (corresponding to
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the pixels shown in Fig. 5.18(a)) for the cantilever whose top surface is under tensile stress.
These spectra are normalized in order to more easily observe the peak position shifts in Fig.
5.18(b). The colors of the lines and data points in Fig. 5.18(b) correspond to the equivalently
colored pixels in Fig. 5.18(a) whose x-coordinate is identical.

Since the sensitivity of each pixel in the electron detector is not absolutely equal, the
observed spectrum must be affected by this factor. From the inset of Fig. 5.18(b), the
zoomed black rectangle area of the bulk Si 2p core level in Fig. 5.18(b), the spectra are not
perfectly smooth due to this variation. Despite this a leftward shift from the red spectrum
(with no stress) to the black spectrum (with maximum stress) is still clearly visible. The
gray column is 20 meV large, which is approximately the scale of stress induced energy
shifts. The energy between two raw data points in the spectrum is 10.4 meV and the stress
is then able to shift energy of approximate three pixels. The fitting procedure allows us to
precisely estimate the Si 2p 3/2 core level position of bulk silicon and its different oxidation
states. The shape and width of these components are fixed, with the only free parameters
being the intensity and peak position. From the fitting result, the 95% confidence interval
of each parameter can be obtained; the standard error of bulk Si 2p 3/2 core level peak
position can be consequently calculated by using 95% confidence interval which is about 3
meV . The same is also true for compression, three XPS spectra have been selected in Fig.

99.5 100.0 100.5 101.0 101.5 102.0 102.5 103.0
0.0

0.2

0.4

0.6

0.8

1.0

100.9 101.0 101.1

1

2

0 2 4 6 8
(b)

x (
mm

)

0

4

8

12

16
(a) EB shifte (meV)

Free end

No
rm

ali
ze

d I
nte

ns
ity

Kinetic energy (eV)

Compression

20 meV

Fixed end

Fig. 5.18 (a) The Si 2p 3/2 core level peak shift of the tensile stressed cantilever: three
selected pixels are presented by coloured rectangles and their XPS spectra are shown in (b).
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5.19(a) for the cantilever whose top surface is under compressive stress. The peak position
of kinetic energy under compressive stress is also leftward shift from red spectrum (with no
stress) to the black spectrum (with maximum stress) as shown in Fig. 5.19(b). These two
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Fig. 5.19 (a) The Si 2p 3/2 core level peak shift of compressive stressed cantilever: three
selected pixels are presented by coloured rectangles and their XPS spectra are shown in (b).

maps (see Fig. 5.17) are separated into areas containing approximately the same number
of pixels (fifteen), denoted by the gray rectangles in Figs. 5.20(a) and (b). The pixels in
the red, green and black rectangles on the compressively stressed surface are selected to
demonstrate how the data is subsequently plotted in Fig. 4.20(a). The data histograms from
these three rectangles are as shown, color coded, in Fig. 5.20(c). The stress-induced shift
in the center-of-mass of these histograms is clearly visible, moving from lower shifts in the
black rectangle (free end) to higher shifts in the red rectangle (fixed end). In each rectangle,
the mean and standard error of the shifts are calculated and marked in Fig. 5.20(c) with a
black line and gray box respectively. From the fixed to the free end they are 14.6±1.1 meV ,
6.5±0.7 meV and 1.5±0.4 meV respectively. These values, which are relatively robust to
changes in the rectangle sizes (i.e. the number of points chosen in each rectangle) establish
the mean Si 2p 3/2 core level shift as a function of the mean y-position of the pixels in each
rectangle.
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Fig. 5.20 Maps of stress-induced relative Si 2p core level peak shifts of the pixels with similar
bulk Si 2p core level intensities under (a) compressive and (b) tensile stress. The pixels are
separated into groups of a fixed number and presented in gray boxes. (c) The histogram plots
of the relative Si 2p 3/2 core level peak shift of the pixels shown in the colored rectangles of
(a). The mean and standard error values of these data, represented as a black line and a gray
box respectively, will be combined with the micro-Raman spectroscopy data to obtain the Si
2p 3/2 core level peak shift as a function of applied stress.

5.4 Tension and compression: symmetry of Fermi level shifts
in applied stress

According to Eq. (5.5) and the graphical arguments given in Fig. 5.3, the stress induced Si
2p 3/2 core level shifts that have been discussed so far are the binding energy shifts dEB/dX ,
and can therefore be assimilated with a shift in the energy of the surface, dET/dX . By using
the ET shift of the pixels and their corresponding Raman shift (see Fig. 5.9) it is possible
to plot the stress-induced ET shift versus the applied stress as shown in Fig. 5.21. The
red and black dots indicate the stress dependence of ET in compressive and tensile stress
respectively, and the error bars of both stress and ET shift are estimated from the pixels
in the gray rectangles as shown in Fig. 5.20(a). Two fit lines are shown here according to
these results, implying that in compression ET increases by 0.16 meV/MPa while for tensile
stresses it increases by 0.11 meV/MPa.
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Fig. 5.21 The ET shift exhibits an even response in stress.

The even symmetry of the ET shift is unusual compared to stress-induced variations in
bulk electronic levels which are odd in stress (see section 2.2) [128], but it is consistent
with interface leakage currents measurements [104, 105] and more recently to theoretical
estimations of stress-induced energy shifts on other silicon surfaces [106]. The exact origin
of this even symmetry is not established, but the symmetry of the intrinsic Pb0 Si/SiO2 was
previously speculated to be responsible [104, 105]. This interpretation is comforted by the
fact that stress-induced shifts in ET of Si/SiO2 interface traps obtained by indirect transport
measurements on MOS capacitors are of similar magnitude [107] to the shifts obtained here.

To explore this idea further, Fig. 5.22(a) shows the two possible Pb0 interface defect
structures on a (001) silicon surface. In the left structure, referred to as the parallel geometry,
the red dangling bond points in the ⟨111⟩ crystal direction and therefore has a spatial
component parallel to the ⟨110⟩ crystal direction along which stress is applied. In the right
hand side of Fig. 5.22(a), referred to as the perpendicular geometry, the red, dangling bond
points in the ⟨1̄11⟩ crystal direction and therefore has a spatial component perpendicular
to the ⟨110 ⟩ crystal direction. In both cases the stress can be visualized as a force applied
uniformly along the thick, black edges of the unit cell parallel to the light blue plane. The
arrows in the left panel of Fig. 5.22(a) represent the applied force that yields in a uni-axial
tensile stress. In the following, a simple relative estimation of the Coulomb potential at the
end of the dangling bond due to the electronic charge present in the back bonds (shown in
blue and green) will be made as a function of the applied stress. The motivation for this
[105] is the notion that this energy will determine Ea for Pb0 interface traps. Using the
compliance tensor for silicon [56], the effect of applied stress on the bond angles, and hence
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Fig. 5.22 (a) The two possible orientations of the Pb0 defect at the (001) surface. Stress is
applied in the ⟨110 ⟩ direction, and the case of compression is indicated by the blue arrows.
The blue ⟨11̄0⟩ plane serves as a guide to the eye. (b) The stress induced changes in bond
angles versus strain, the blue curves correspond to the changes in bond angle between the red
dangling bond and the blue back bonds; the green curves correspond to that between the red
dangling bond and the green bond. The bottom panel shows the estimated Coulomb potential
energy of an electron in the red dangling bond with respect to stress.

on the relative changes in distance between the ends of the bonds can be estimated. This
can then be used to estimate the stress-induced changes to the total Coulomb potential at
the dangling bond. The calculated changes in the back bond angles are shown in the top
panel of Fig. 5.22(b). For a tensile stress the bond angle between the red dangling bond
and green back bond in the parallel geometry, θ

∥
rg, increases (see filled, green circles in Fig.

5.22(b)), while for the perpendicular geometry, θ⊥
rg slightly decreases due to Poisson’s effect

(see filled, green triangles in Fig. 4.22(b)). A compressive stress results in the opposite
behavior. The bond angle between the red dangling bond and the blue back bonds in the
parallel geometry, θ

∥
rb, decreases under tensile stress due to Poisson’s effect (see filled, blue

circles in Fig. 5.22(b)), while in the perpendicular geometry, θ⊥
rb , decreases (see filled, blue

triangles in Fig. 5.22(b)). Again, the opposite is true for a compressive stress. A simple
geometric calculation, assuming constant bond lengths, then yields a relative estimate of
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the Coulomb potential as a function of applied stress, and this is found to be even in stress,
despite the fact that the bond angles themselves are odd in stress. This is possible because
the stress-induced changes to θ

∥
rg are partially compensated by opposite changes in θ

∥
rb and

θ⊥
rb . While this is not proof that the symmetry of the Pb0 centres is the sole origin of the

even response in the stress-dependence of ET , it is a proof of principle that two odd angular
contributions can result in an overall even response.

5.5 Conclusion

In this Chapter, the Raman and XPS scanning experiments on silicon cantilevers have been
presented, which are under tensile and compressive stresses respectively. The comparison of
Raman and XPS maps provides a spectroscopic measurement of the stress-dependence of the
surface Fermi level pinning at an oxidized (001) silicon surface. For uniaxial compression
along the ⟨110⟩ crystal direction the pinning increases by 0.16 meV/MPa, while for tensile
stress an increase of 0.11 meV/MPa is measured. These quantities have previously only
been inferred indirectly from transport measurements. A simplified analysis of the symmetry
of the stress response tentatively suggests that the Fermi level is pinned by Pb0 interface
states, and also convinces that the Pb0 defect is likely responsible for the giant, anomalous
piezo-response measured in oxidized nano-silicon in the space charge limit as reported on in
Chapter 4.





Chapter 6

“Anomalous” steady-state
piezoresistance in defect engineered
silicon

In Chapters 4 and 5, evidence for the central role of native Pb0 interfacial defects in the
giant, anomalous PZR and the novel PZC in the non-steady-state space charge limit was
given. However, according to PICTS measurement (see appendix A), the trap distribution
is continuous and broad in the band gap, and therefore it is not possible to simulate the
impedance and piezo-response based on Kassing’s model using a single set of defect parame-
ters, for example, only one value of ωc and ωe. In this chapter measurements on the devices
containing only a single type of defect are reported. It was initially hoped therefore that
impedance spectroscopy on such a defect engineered sample would more closely resemble
Kassing’s one trap type model [74].

In the first section, the production of Si divacancy defects using silicon ion self-implantation
will be discussed. For the resulting defect engineered device, a non-linear DC I-V character-
istic will be presented in the section 6.3, and it will be separated into three regimes according
to the current slope. Evidence for a switch from negative to positive (i.e. anomalous) PZR as
a function of Vds will be provided, and it will be argued that the sign change is in fact due to a
Vds−induced change in the majority charge carrier type. The impedance spectroscopy of G0,
C0, πR and πC is shown in section 6.5, and relative to the samples before defect engineering,
the implantation of Si divacancy defects will be seen to decrease G0 while increasing C0 as
well as reducing the measured trap capture and emission rates. Unfortunately, it has proved
difficulted to simultaneously model impedance and piezo-response based on Kassing’s model
using a single set of defect parameters. However, the divacancy defect implantation indeed
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increases the reproducibility of the electrical behaviour of SCLC devices. Finally, section 6.6
will summarize the conclusions of this work.

6.1 Divacancy production by self-implantation of 10 MeV
Si+ ions

The samples used here are shown in Fig. 3.4, and are made from a (001) oriented FD-SOI
wafer with a device layer thickness of d = 2 µm, and are non-intentionally p−type (Boron)
doped with a resistivity ρ > 5000 Ωcm. According to Eq. (1.4), the Boron density in the
fully ionized limit yields an approximate surface depletion layer width of the order of 10
µm, much larger than d i.e. the active layer is fully-depleted. In this case transport should
occur in the space charge limit.

Volume divacancy defects are produced in the device layer by self-implantation of Si+
ions. The implantation was done by our collaborators at the University of Melbourne using
the 14UD pelletron at the Australian National University. The pelletron accelerates a Si+
ions to a kinetic energy of 10 MeV , and these ions displaces silicon atoms in the sample
from their lattice sites [129] forming divacancies as shown in Fig. 6.1. The two missing
silicon atoms will influence the bonding of the lattice and result in an "extended bond" (see
the dotted line in Fig. 6.1). These defects are stable at room temperature [130] and are
electronically active, acting as charge traps [131]. Monte Carlo simulations of the Si+ ion
scattering process for a fluence of 1012 Si+/cm2 shows that they reach a depth of 4.5 µm
from the top of the SOI wafer as shown in Fig. 6.2. This means that most ions (and also
divacancy defects) will be presence in the silicon substrate (handle). This profile was chosen
so that the divacancy density be relatively constant over the device layer (DL) thickness (2
µm). The calculated areal density of divacancy defects is approximately 4.5×1012 cm−2,
much larger than typical interface defect densities (1×1012 cm−2). Therefore, the implanted
divacancy defects dominate the interface defects.

After implantation, photo-induced current transient spectroscopy (PICTS) (see Appendix
A) presents a single defect signal with a peak position at around 220 K for Vds = 6 V as
shown in Fig. 6.3. This indicates a defect state with EC −ET = 0.44 eV which is close to the
value expected for the singly ionized divacancy defect [133].
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Fig. 6.1 Silicon divacancy defect diagram, the blue point corresponds to silicon atom and
gray point corresponds to missing silicon atom. Extracted from Ref. [132].

Fig. 6.2 Divacancy and Si+ ion concentration as a function of depth of sample. The maximum
concentration of them occurs in the silicon handle. Whereas, divacancy concentration is quite
identical in the device layer (DL).

6.2 Transfer characteristics: hysteresis effects and conduc-
tion type

After implantation, a DC voltage Vds is applied between the source and drain of the device.
At the same time, a potential is applied to the handle of the sample so that is can be used to



106 “Anomalous” steady-state piezoresistance in defect engineered silicon

Fig. 6.3 PICTS spectrum of unimplanted (dotted curve) and implanted (solid line) SCLC
device for Vds = 6 V .

gate the source-drain channel. In effect the BOX of the SOI is used as a gate dielectric and in
the following the gate bias will be labeled Vgs. Vgs modifies the free carrier concentration in
the device layer thereby modifying the drain current Id . At low Vds, Id is linear as a function
of Vds and Vgs, and according to the general transistor model [36], for an n−type channel:

Id =
W
L

µnCG(Vgs −VT )Vds, (6.1)

while for p−type channel:

Id =
W
L

µpCG(VT −Vgs)Vds. (6.2)

L and W are the length and width of the channel, µn and µp are the mobilities of electrons and
holes respectively, CG is geometric capacitance of the BOX and VT is the threshold voltage
as a function of majority charges n0 and CG.

In the experiment Vds is fixed to 1 V and Vgs is swept forward and backward between
-30 V and +30 V with a step of 3 V . The time constant between two Vgs data points is the
so-called delay time. The transfer characteristic, i.e. the Vgs dependence of Id , is shown
for several delay times (1 s, 4 s, 8 s and 12 s) in Fig. 6.4. An obvious hysteresis effect is
shown in the transfer characteristic of the device, which is usually caused by charge exchange
processes between the Si/SiO2 system and the channel. There are several types of charge
source leading to the hysteresis [134]:

• Interface states.
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Fig. 6.4 The Vgs dependence of Id is shown for several delay times when Vds = 1V , the
hysteresis effect is observed. The arrows indicate the sweep direction. In addition, since the
slope of current is positive, the conduction through device layer is n−type according to Eq.
(6.1).

• Fixed charge in the oxide layer which does not communicate directly with the Si device
layer.

• Trapped charge in the oxide layer that can be injected into Si device layer.

• Ions in the oxide layer.

Apart from these charges, the implanted Si divacancy volume defects may also cause the
hysteresis effect, and it is the mainly for this reason that the hysteresis is present here. Since
VT is related to n0 and also CG, the forward and backward sweep of Vgs would change n0

and CG due to charge exchange process with the traps [135–137], that will shift VT of FET
and further induce hysteresis effect as shown in the Fig. 6.4, if the sweep rate is fast enough
compare to the rate of release of charge. In this case, the device will never reach the thermal
equilibrium before the sweep finish [138]. If the sweep rate decreases, i.e. the delay time
increases, then it is easier for the device to reach equilibrium, and the size of the hysteresis
effect is smaller. As we can see from Fig. 6.4, the transfer characteristic has been measured
for several delay times: 1 s, 4 s, 8 s and 12 s, and the size of the hysteresis decreases as
delay time increases. These obvious and sizeable hysteresis effects convinces us that a large
number of defects exist in the device.

More importantly, from Fig. 6.4, Id in the positive Vgs regime is higher than Id in the
negative Vgs regime, i.e. the slope of Id is positive which, according to Eq. (6.1), means
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that the majority charge carriers are electrons i.e. the conduction through device layer is
therefore n-type after implantation when Vds = 1 V , although the original device was
unintentionally p−type doped. By increasing Vds from 1 V to 30 V in 5 V steps, the slope
of Id changes from positive to negative as shown in Fig. 6.5 (for values of Vds above 30
V the leakage current from the handle to the device layer appears for large gate voltages).
Interestingly, the slope of Id is clearly negative above Vds = 15 V , and therefore according
to Eq. (6.2) the majority carriers are holes i.e. Vds induces a type change in the majority
carrier. This can be explained by considering hole injection from the p++ contacts as will
be discussed below.
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Fig. 6.5 The Vgs dependence of Id is shown for several Vds from 1 V to 30 V . The slope of
Id depends on Vds, for Vds < 15 V , the slope of Id is positive in Vgs, the conduction through
device is n−type; for Vds ⩾ 15 V , the slope of Id is negative in Vgs, the conduction through
device is p−type.

6.3 Zero-stress current-voltage characteristics

The measured I-V characteristic of implanted devices will be presented and discussed here.
From the slope of the I-V characteristic three regimes are established: the Ohmic regime at
low bias, the SCLC regime at intermediate bias, and the plasma regime at high bias. Before
showing the measurement results the details of each of these regimes will be discussed.
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Ohmic regime

In this regime the current through the device is carried by equilibrium free charge carriers in
the energy band, in this case electrons in the condunction band. The current is then:

IOhmic = tqµnnVds, (6.3)

where t is the thickness of device layer and n is the electron concentration.

SCLC regime

As Vds increases external carriers begin to be injected into the device, and in the devices
considered here holes are injected because the Ohmic contacts are p++ doped. In the
SCLC limit the concentration of injected holes is significantly larger than the concentration
of equilibrium electrons and, in the trap-free case, the current is proportional to V 2

ds according
to Mott-Gurney’s law (see section 2.2). The current is given by [78]:

ISCLC =
9
8

ε0εrµp
V 2

ds
L3 t (6.4)

where L is the length of the device between the two contacts. For a single type of trap
whose energy lies ET below the conduction band edge, not all the injected holes flow through
the device from one contact to the other. Rather, a fraction of them are trapped, and the
proportion of free holes to the total injected hole concentration may be written [139]:

θ =
p0

p0 + pt0
, (6.5)

where p0 is the free hole concentration and pt0 is trapped hole concentration. The trap
emission and capture rates (ωe and ωc) are related to θ as discussed in section 2.3 [74, 72, 73]:

θ ≈ p0

pt0
≈ ωe

ωc
. (6.6)

The space-charge-limited current is then written [80]:

ISCLC,θ = θ
9
8

ε0εrµp
V 2

ds
L3 t. (6.7)

As discussed in section 2.4, ωe changes with Vds due to either phonon-assisted tunneling from
the trap or the Poole-Frenkel effect [83]. Therefore, θ depends on Vds. When Vds reaches a
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sufficiently large value, the injected holes can flow through the device without any effective
trapping because θ ≈ 1. The current will then be a trap-free SCLC [72].

Plasma regime

In the very high Vds regime both electrons and holes are expected to be injected into the
device from two contacts. This is the so-called plasma limit. The current is then proportional
to V 3

ds and given by [140, 141]:

IPlasma =
125
18

µnµpε0εrτ
V 3

ds
L4 t, (6.8)

where τ is the recombination time.
The I-V characteristic of the implanted device is measured from gate voltage sweeping

experiments, i.e. in each gate sweeping process for a fixed Vds, the current Id is recorded
when Vgs = 0 V and this current corresponds to the applied Vds. As increasing Vds, the I-V
characteristic can be obtained and shown in Fig. 6.6(a) (see black dots). Obviously the I-V
curve is not linear as the slope is dependent on the Vds. The three regimes mentioned above
are labeled as black (Ohmic), blue (SCLC) and red (plasma) rectangles in the figure.

The low-voltage Ohmic regime is represented in black and corresponds to Vds ≤ 15 V in
Fig. 6.6(a). Id has an approximately linear dependence on voltage (black line). Conduction
through the device layer is n−type according to the gating experiment in Fig. 6.4. Assuming
an electron mobility µn = 1400 cm2/V s, the accepted value for lightly doped n−type silicon
[142], and using the known dimensions of the device (device layer thickness, t = 2 µm and
device length, L = 100 µm) it is possible to estimate n = 1.8×1010 cm−3 from Eq. (6.3).
This value is self-consistent with the value assumed for the mobility [142] and yields the
black line shown in Fig. 6.6(a). PICTS measurements show that the divacancy volume
defects are implanted at energy ET = 0.44 eV from the conduction band with concentration
of about 2×1016 cm−3. If the Fermi energy is pinned at ET the estimated equilibrium
electron concentration is by is about 6.3×1011 cm−3, slightly larger than the value obtained
from the I-V characteristic. This means that the Fermi level in fact lies between ET and the
intrinsic Fermi level Ei.

In the intermediate voltage regime (15 V <Vds < 45 V ) shown as the blue region in Fig.
6.6(a), the slope of the I-V characteristic is no longer linear, but is much steeper. This is
an indication that the device is in the SCLC regime. The Vgs dependence of Id in Fig. 6.5
indicates that the conduction is now p-type. Since the equilibrium electron density is very
small (almost intrinsic), a possible interpetation is that the injected hole concentration (from
the p++ contacts) is much larger. Therefore a unipolar hole SCLC is considered where
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Fig. 6.6 (a) The current-voltage characteristic (black dots) of the defect engineered sample
displaying three clear regimes: the ohmic regime (black region) where the current varies
linearly in voltage, the unipolar SCLC regime (blue region) where a modified square law
is expected, and the bipolar SCLC (or plasma) regime (red region) where a cube law is
expected. (b) The trap filling factor, θ , calculated by matching the modified square law with
the experimental data in the blue region. (c) Variation in ln(θ) with V 2

ds. The linear variation
indicates that the voltage dependence of θ arises from phonon-assisted tunneling emission
from the traps [83]

Id is expected to be proportional to V 2
ds as shown by Eq. (6.4). However, for a reasonable

hole mobility, µp = 565 cm2/V s Eq. (6.4) predicts a much larger current than that which is
measured (the predicted line is shown labeled I ∼V 2 in Fig. 6.6). Moreover the measured
current clearly does not follow a V 2

ds law. This is interpetated as being result of the uniform
divacancy defect density in the device layer that introduces a further voltage dependence of
Id due to the voltage dependence of θ appearing in Eq. (6.7). Since the I ∼V 2 curve crosses
the data at Vds = 55 V , it will be assumed that this is the voltage at which θ = 1. The values
of θ for other voltages in the SCLC range are then chosen so that the curve given by Eq.
(6.7) matches the data in the unipolar SCLC regime (see blue, dotted curve in Fig. 6.6(a)).
These values are shown in Fig. 6.6(b). When plotted on a logarithmic scale versus V 2

ds one
obtains an approximately linear result as shown in Fig. 6.6(c). Based on the expression for θ

in Eq. (6.6), ln(θ) = ln(ωe)− ln(ωc), as ωc does not depend on voltage ln(ωe) is therefore
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linearly dependent on V 2
ds. This is as excepted for phonon-assisted tunneling emission from

traps [83].
In the high voltage regime (Vds > 45 V ), the slope of the current is proportional to V 3

ds as
would be expected for the bipolar space charge limited current (or plasma) case [140]. The
current is given as Eq. (6.8) and using the electron and hole mobilities (µn and µp) obtained
from the Ohmic and the unipolar SCLC regimes, the fitted current is plotted in Fig. 6.6(a)
with an estimated recombination time τ = 0.25 ns.

6.4 DC (zero-frequency) piezo-resistance at constant stress:
voltage dependence

In this section the DC PZR of implanted devices will be discussed and the results are shown
in Fig. 6.7. When Vgs = 0 V a negative DC PZR is observed in the Ohmic regime with a
maximum magnitude πR ≈−20×10−11Pa−1 for Vds = 1 V . The PZR keeps decreasing in
magnitude as Vds increases and then change sign and eventually reaches a maximum of πR ≈
+110×10−11Pa−1 in the unipolar SCLC regime. At high Vds in the plasma regime a slightly
smaller but flat PZR is measured with value of about πR ≈ +80×10−11Pa−1. According
to the first PZR measurement on bulk Si, the longitudinal π−coefficient along the ⟨110⟩
crystal direction in p− and n-type material is +71.8×10−11Pa−1 and −31.2×10−11Pa−1

respectively [17] (see Table 2.2). These numbers are widely accepted and are represented
as black and red dotted lines in Fig. 6.7. Since PZR is measured using DC voltages, πR is
estimated via stress induced changes to the current flowing through the device (see Eq. (3.2)).
Therefore πR can be written differently for the three voltage regimes considered here:

In the Ohmic regime, the only parameter that can be significantly changed by stress in
Eq. (6.3) is µn i.e.

πR,Ohmic =−∆I
I

1
dX

=−dµn

µn

1
dX

. (6.9)

As already discussed in Chapter 2, the bulk Si PZR is due to stress induced changes in the
effective mass, and hence in the mobility [14]. For n−type bulk Si, −dµn

µn
1

dX = −31.2×
10−11Pa−1 [17], a value consistent with the PZR measured in the Ohmic regime here (see
red dotted line in Fig. 6.7). This strongly suggests that the measured negative PZR is simply
the bulk, n−type silicon effect.
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Fig. 6.7 The measured PZR versus applied voltage of the defect engineered device with
Vgs =−30 V (triangles) and Vgs = 0 V (black dots).

In the unipolar SCLC regime, current is expressed as Eq. (6.7) and both µp and θ can be
changed by stress as demonstrated in Chapter 4.

πR,SCLC =−∆I
I

1
dX

=−
dµp

µp

1
dX

− dθ

θ

1
dX

=−
dµp

µp

1
dX

− [
dωe

ωe

1
dX

− dωc

ωc

1
dX

]. (6.10)

The first term in Eq. (6.10), −dµp
µp

1
dX =+71.8×10−11Pa−1 [17] is the PZR for bulk, p−type

silicon. The second term is zero as already discussed in section 4.4 since dωe
ωe

1
dX = dωc

ωc
1

dX
in the steady-state. In this case only p-type bulk Si PZR is expected in the unipolar SCLC
regime and interestingly, the measured value is only slightly larger than the accepted p−type
bulk value (see Fig. 6.7).

In the plasma regime the current is described in Eq. (6.8) where µn and µp are depen-
dent on stress according to the bulk PZR effect. Assuming τ is a stress independent, the
π−coefficient becomes:

πR,Plasma =−∆I
I

1
dX

=−dµn

µn

1
dX

−
dµp

µp

1
dX

= πn,bulk +πp,bulk, (6.11)

where πn,bulk is bulk n−type π−coefficient and πp,bulk is bulk p−type π−coefficient. Since
the signs of πn,bulk andπp,bulk are opposite (see Table 2.2), Eq. (6.11) shows that in the plasma
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regime the bulk electron and hole PZR effect partially compensate one another. Taking for the
purposes of this analysis the values measured here in the Ohmic regime and in the unipolar
SCLC regime, one expects πR,Plasma = (−20+110)×10−11 =+90×10−11 Pa−1. This is
very close to the measured value in the red regime in Fig. 6.7.

The apparently anomalous variation in πR can therefore be well understood simply by
considering the usual bulk PZR in combination with voltage-induced carrier type changes.
To further verify this conclusion a negative gate voltage Vgs =−30 V is applied to force holes
into the device and create a p−type channel. The measured DC PZR shown as triangles
in Fig. 6.7 is now positive in the Ohmic regime as would be expected for majority hole
conduction.

Anomalous PZR has been reported elsewhere and its origin is still under debate. Almost
all published works relate anomalous PZR to the surface states [47, 29, 46, 48, 143, 144].
Lugstein’s group used chemical deposition techniques to cover lightly doped p−type silicon
nano-wires (SINWs) with different dielectrics and showed this modified the conduction type.
Moreover this surface-chemistry-induced type change was correlated with a change in the
sign of the PZR π−coefficient [48]. This is further evidence that the measured "anomalous"
PZR is actually not anomalous at all, but rather depends only on the majority carrier in the
device.

6.5 Impedance spectroscopy

To successfully simulate impedance spectroscopy results in Chapter 4 at least six trap
types were needed to account for the continuous distribution of traps at the silicon/oxide
interface. In the single trap type, defect engineered devices considered here, the impedance
spectroscopy measurement are shown in Fig. 6.8. Decreasing C0 and increasing G0 as a
function of frequency indicates that the device is in the SCLC limit in the presence of traps
according to Kassing’s model [74]. After divacancy defect implantation reduced conductance
and increased capacitance are observed. The πR of the pre-implanted (or initial) SCLC device
is shown in Fig. 6.8(d) (dotted curve), two obvious peaks can be seen with a positive and a
negative magnitude values. On the other hand, the πC is shown in Fig. 6.8(c) (dotted curve)
with a negative peak at relative low frequencies.

The πC and πR of defect engineered SCLC device are shown as solid lines in Fig. 6.8(c)
and (d). For the πR of defect engineered SCLC device, DC PZR is also presented and label
as "DC" in Fig. 6.8(d). Interestingly, both πR and πC of defect engineered SCLC device have
a similar shape to those measured on the initial, pre-implanted, SCLC device, except that the
peak position is shifted downwards in frequency. According to the discussion in Chapter 4,
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Fig. 6.8 Impedance spectroscopy of initial SCLC device (dot curves) and defect-engineered
SCLC device (dot-line curves).(a) capacitance, (b) conductance, (c) PZC and (d) PZR is
shown as a function of frequency under several Vds.

the peak position of the piezo-response yields a rough estimated of the capture rate ωc of
the fast trap, so this observation indicates that ωc decreases after the introduction of silicon
divacancy defects.

However, it’s still difficult to simultaneously model the frequency dependence of G0, C0,
πR and πC of the defect engineered SCLC device using Kassing’s model with a single set of
defect parameters [73, 74]. This may be because the trap capture rate ωc and emission rate
ωe used in Kassing’s model are considered as constants in order to simplify the model (see
Eq. (2.66) and (2.67)). However according to the Shockley-Read-Hall model, ωc and ωe are
space- and time-dependent due to the space- and time-dependence of pt and p (see Eq. (2.64)
and (2.65)). This may explain the reason for difficulty of describing impedance spectroscopy
using Kassing’s one trap model, even though only one type of trap exists in the device layer.
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Reproducibility of the piezo-response of defect-engineered devices

Fig. 6.9 shows an example of stress induced relative changes in (a) conductance −dG0
G0

and (b)

capacitance −dC0
C0

of initial and defect engineered device at ω = 11000 rad/s. The initial (red
dots) and implanted (black dots) raw data are shown as a function of time, and each raw data
point is the mean value of ten measurements. The average value of these data points is the
recorded as piezo-response at ω = 11000 rad/s, and they are shown as inserts in Fig. 6.9. The
figure-of-merit (FOM) defined as the average value divided by the standard error, is 70 and
380 for −dG0

G0
of initial and implanted device respectively; and FOM is 1.6 and 154 for −dC0

C0

of initial and implanted device respectively. FOM reflects the confidence of measurement, the
higher the FOM, the better the reproducibility of measurement. Interestingly, at ω = 11000
rad/s, the defect engineered SCLC device shows a better reproducibility compare to initial
SCLC device.
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Fig. 6.9 Raw data of stress induced relative change in G0 and C0 at ω = 11000 rad/s. The
mean value, standard deviation and FOM value of them are shown in the panels.

Fig. 6.10 presents FOM of (a) PZR and (b) PZC of initial and implanted device as a
function of frequency. Symbols showing here are consistent with the Fig. 6.8, the dotted
curves and dotted-line curves correspond to initial and implanted device results respectively,
the colours correspond to different VDC. FOM of PZR and PZC in defect engineered SCLC
device are larger than that measured in initial SCLC device for almost all frequencies,
especially at high frequencies. The better reproducibility of defect engineered SCLC device
is probably due to the lower sensitivity of the volume defects to environmental fluctuations
such as changes in humidity. It indicates that defect engineered SCLC devices might be
better adapted for applications than SCLC devices whose functionality depends on interface
defects.
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Fig. 6.10 Figure-of-merit of defect-engineered and initial SCLC device.

6.6 Conclusions: the emerging microscopic picture of anoma-
lous steady-state PZR

In this chapter the PZR of defect-engineered SCLC devices was reported. Three voltage
regimes are identified in the I-V characteristic. The electrons are majority carriers for low
Vds the n−type bulk silicon PZR is observed. With increasing Vds holes are injected into
the device and dominate current flow, so that conduction through the device is p−type and
p−type bulk silicon PZR is measured. At high Vds both holes and electrons are injected
into the device and the measured PZR is shown to be a combination of p− and n−type bulk
silicon PZR. This observation indicates that the reported anomalous PZR is a misnomer: in
fact the sign of the PZR follows that of the majority carrier. Impedance spectroscopy is on
the defect engineered devices is also discussed, and despite the presence of a single dominant
trap type it is still difficult to simultaneously model G0, C0, πR and πC using a single set of
defect parameters in Kassing’s one trap model. This may be because the trap capture rate
(ωc) and emission rate (ωe) are space-dependent instead of being constants. In effect the
data reveals the limitations of analytical models when trying to understand the small-signal
behaviour of SCLCs.





Chapter 7

Conclusions and perspectives

7.1 Towards a better understanding of unusual piezo-resistance
effects in nano-silicon

This thesis is a contribution to the study of giant, anomalous piezo-resistance in fully-
depleted silicon micro- and nano-objects. To investigate the relationship between the giant
or anomalous piezo-resistance and surface depletion in nano-structures, fully-depleted SOI
devices are used in the thesis in which the surface depletion layer widths are larger than
thickness of the device layer.

Impedance spectroscopy on these devices reveals a giant, anomalous PZR in the non-
steady-state that reaches −1100×10−11 Pa−1 around measurement frequencies close to
characteristic charge trapping rates. This technique is used to prove that the giant, anomalous
PZR arises from stress-induced changes to trap capture and emission rates. Interestingly, in
the steady-state limit only the usual bulk silicon PZR is observed, even in the presence of the
stress dependent trapping dynamics. This observation supports the large number of reports
of standard PZR in depleted silicon nano-objects, and further brings into question claims
of steady-state giant PZR. The impedance spectroscopy method also reveals a quadrature
response corresponding to a novel, giant PZC. The interpretation based on stress dependent
trapping dynamics is reinforced by an observed voltage dependence of the PZR that can
be attributed to the voltage dependence of phonon-assisted tunneling emission from the
traps. The even symmetry of the giant PZR and the PZC in stress suggests that the electro-
mechanically active traps are those associated with intrinsic Si/oxide interface defects. To
test this the stress dependence of the pinned surface Fermi energy as a function of both
compressive and tensile stress is measured using XPS mapping techniques. An observed
even symmetry in stress-induced shifts of the pinned surface Fermi energy of oxidized
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(001) silicon surfaces supports the conclusions drawn from the impedance spectroscopy
measurements.

One difficulty encountered when trying to model the frequency dependence of the small-
signal conductance, capacitance, PZR and PZC of SCLCs was the inability to reproduce the
experimental curves with a small number of parameters. For this reason multiple trap types
were artificially introduced. Attempts to produce samples that might more closely resemble
available models, silicon divacancy defects were engineered into SCLC devices. While the
impedance spectroscopy of these devices did not prove easier to model, unusual "anomalous"
PZR measured using DC techniques was observed. It was shown that sign changes in the
PZR are correlated with majority carrier type changes induced by the applied voltage in the
SCLC regime.

7.2 Suggested future research directions

There are several possible interesting research directions that becomes possible thanks to the
work reported on in this thesis.

1. The inability to simulate impedance spectroscopy curves in the SCLC limit in the
presence of traps using approximate analytic models deserves revisiting since this type
of transport is observed in many materials including semiconductor nano-structures,
organic semiconductors and amorphous semiconductors. The problem is identified
here as being likely due to the constant values of trapping and emission rates used in
analytic models. In fact the original Shockley-Read-Hall model shows that trapping and
emission rates are, in general, space and time dependent in the SCLC limit. Resolution
of the full problem is likely to require a numerical methods.

2. To properly reveal the role of silicon divacancy defects in the anomalous PZR it would
be interesting to cyclically remove and implant new defect. Removal can be achieved
by annealing to 500°C [145] and re-implantation can be done on existing devices. A
second possibility would be to photo-excite the devices with a sub-bandgap wavelength
light (> 1200 nm) in order to block charge trapping at the defects. Because unusual
PZR is related to stress dependent trapping dynamics, it would be interesting to explore
photo-quenching effect in this way. Such experiments performed as a function of
wavelength may help to identify the electro-mechanically active traps.

3. The stress dependence of surface Fermi level measurement on the silicon cantilever
is significantly affected by the surface oxidation thickness (see Chapter 5). Surface
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functionalization, for example hydrogenation with buffered HF could be used to test
the effect of surface termination on the piezo-response, and may also be used to make
an homogeneous surface oxide.

4. Mechanical spectroscopy: It has been shown that giant PZR occurs at measurement
frequencies close to the characteristic charge trapping rates of fast traps. It would be
also be interesting to explore the piezo-response of SCLCs in the presence of traps
using a time varying mechanical stress and a constant applied DC voltage. One idea
would be to design mechanical resonators whose resonant frequency is higher than the
characteristic trapping rate. The resonator could then be driven at a frequency below,
approximately equal to, or above the characteristic trapping rate. The piezo-response
might reasonably be expected to be a strong function of mechanical frequency. Typical
trapping rates estimated in this thesis for interface defects are around 106 rad/s and
the divacancy defects are slight lower. While high, these frequencies are well within
the range of typical MEMS resonant frequencies.

5. MEMS and micro-sensor based on silicon PZR are only suitable for temperatures
below 200°C due to the relative low band gap energy (1.12 eV ). For applications that
need to work in high-temperature environments, materials with a larger band gap are
under interesting. SiC is one of the most interesting material among them not only due
to its large energy band gap (2.3 to 3.4 eV ) but also due to its chemical inertness and
large Young’s modulus [146, 147]. So that study PZR of SiC nano-structure is another
possible direction after this work.
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Appendix A

PICTS spectroscopy

Photo-induced current transient spectroscopy (PICTS) is a variation of deep level transient
spectroscopy (DLTS) used to investigate deep level traps in high-resistivity materials and
devices[101, 148–150]. By utilizing a periodic above band gap optical excitation to generate
electron-hole pairs, traps are readily filled by photo-carriers. Immediately after the end of
the optical excitation, a sharp current drop due to recombination is observed, followed by a
slower delay due to trapped charge carrier emission. By monitoring the detrapping of trapped
charge carriers as a function of temperature, important parameters about the traps present
can be determined. The current transient due to detrapping (of holes) is given by:

i(t) = qAEµpτp
pt(0)

τt
+ i(t∞) (A.1)

where q is the electronic charge, A is a constant related to the illuminated sample surface
and the penetration depth of the photoexcitation, E the applied electric field, µp the hole
mobility, τp the recombination lifetime of free holes, pt(0) the initial density of filled traps,
τt the thermal emission time constant, and i(t∞) the quiescent current (i.e., the dark current).
Following the approach used in DLTS [151], a double boxcar weighting function is applied
to the current transient such that the current difference at times t1 and t2 is considered:

i(t1)− i(t2) = (qAEµpτp
pt(0)

τt
)[exp(− t1

τt
)− exp(− t2

τt
)] (A.2)

By differentiating Eq. A.2 with respect to τt , one can easily show that the difference
i(t1)− i(t2) goes through a maximum when τt = τM where τM is determined according to:

t2 − t1
τM

= ln
∣∣∣∣t2 − τM

t1 − τM

∣∣∣∣ (A.3)
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In PICTS as in DLTS, the maximum current difference occurring when Eq. A.3 holds, is
measured as a function of temperature, and a global "maximum of maximum differences"
occurring at a temperature TM may be observed. In this case the trap activation energy along
with its capture cross section can be determined using Shockley-Read-Hall (SRH) theory [79].
In SRH theory, the thermal emission time constant follows an Arrhenius-type dependence:

ep =
1
τt

= σCvthNV exp(
ET −EV

kBT
) (A.4)

where ep is the hole emission rate, σC the capture cross section, vth the thermal velocity of
holes, NV the effective density of states in the valence band, ET −EV the trap energy level
with respect to the top of the valence band, and kB the Boltzmann constant. By determining
τM (and the corresponding maximum emission rate, eM = 1/τM) at the temperature TM for
a series of different t1 and t2 times (keeping t2/t1 constant) and plotting ln(eM/T 2

M) versus
1/TM, one can calculate ET −EV from the slope and σC from the intercept for a specific trap
level.

PICTS Experimental setup

Illumination of the sample was provided by a 940 nm commercial high speed emitting diode
with a rise and fall time of 20 ns. A signal generator (Agilent 33210A) was used to apply
a 100 ms pulse to the emitting diode at a rate of 1 Hz, which delivered an optical pulse of
approximately 55 mW to the sample. In addition, the sample bias, Vds, was fixed throughout
the whole PICTS temperature scan. The PICTS measurements were performed using a
custom built DLTS setup with the temperature ramped from 86 K to 300 K in 2 K increments.
Individual current transients measured using a current amplifier (SR570) at each temperature
step was averaged up to 30 transients, improving the signal to noise ratio (SNR) proportional
to

√
N transients. The averaged current transients were then recorded by a computer for

further double boxcar analysis.

PICTS measurements

Fig. A.1(a) shows the PICTS spectrum as a function of applied source drain voltage, VSD,
displaced vertically with increasing voltage for clarity. For VSD = 1V , a clear peak centered
about 106 K can be seen. An Arrhenius plot (Fig. A.1(b)) constructed from a set of different
t1 and t2 times via Eqns. A.3 and A.4 reveals the trapping level lie approximately 0.182 eV
above the valence band. The origin of this discrete trap level is unclear. As VSD is increased,



137

the peak at approximately 106 K disappears. Instead, an asymmetric broad hump centered
about 180 K is observed. This continuous non-zero distribution is usually associated with
interface states described by a continuum of states within the band gap. It is also noted
that changes to VSD significantly shift the broad PICTS signal in temperature, and that a
change in the shape of the broad distribution is also apparent. It is tempting to ascribe the
observed VSD dependence either to the Poole-Frenkel effect or to phonon-assisted tunneling
emission from traps, but no clear tendency (for example in the peak PICTS signal position,
or in the characteristic PICTS relaxation times) that would permit an identification of either
phenomenon[83] is evident with the data.

Fig. A.1 (a) Individual PICTS spectrum plotted as a function of VSD displaced vertically for
clarity. t2/t1 = 2, t1=175 ms, t2=350 ms. A smoothing spline fit is fitted to the raw PICTS
data as a guide the reader’s eye. (b) Arrhenius plot constructed from a series of PICTS
spectra at VSD = 1V .

At elevated temperatures, current transient fluctuations (Fig. A.2(b)) likely due to random
telegraph noise start to dominate. As the random telegraph noise amplitude is comparable to
the transient amplitude, double boxcar analysis used for PICTS is not appropriate. Therefore,
the PICTS spectra are limited to the temperature range of 86 K to 220 K, although mea-
surements up to room temperature were performed. Note also that in the room temperature
piezoresponse measurements reported on in chapter 3, the random telegraph noise is averaged
out so that and only the mean value of the conductance and capacitance are considered.
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Fig. A.2 Raw PICTS transient measured at (a) 95.4 K and (b) 300.0 K with VSD = 6V . A
clean transient in (a) is observed, where double Boxcar analysis (dotted lines) is applied to
construct the PICTS spectrum (see Fig. A.1). At elevated temperatures in (b), the amplitude
of the random telegraph noise is comparable to the photo-induced current transient. Boxcar
analysis at high temperatures is therefore avoided
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