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Abstract

Charge injection and retention in thin dielectric layers remain critical issues for the reliability
of many electronic devices because of their association to a large number of failure
mechanisms. To overcome this drawback a deep understanding of the mechanisms leading to
charge injection close to the injection area is highly demanded. Even though the charge
injection is extensively studied and reported in the literature to characterize the charge storage
capability of dielectric materials, questions about charge injection mechanisms when using
Atomic Force Microscopy (AFM) remain open. In this paper, a thorough study of charge
injection by using AFM in thin plasma processed amorphous silicon oxynitride layers with
properties close to that of thermal silica layers is presented. The study considers the impact of
applied voltage polarity, work function of the AFM tip coating and tip curvature radius. A
simple theoretical model was developed and used to analyze the obtained experimental
results. The electric field distribution is computed as a function of tip geometry. The obtained
experimental results highlight that after injection in the dielectric layer the charge lateral
spreading is mainly controlled by the radial electric field component independently on the
carrier polarity. The injected charge density is influenced by the nature of electrode metal
coating (work function) and its geometry (tip curvature radius). The electron injection is
mainly ruled by the Schottky injection barrier through field electron emission mechanism
enhanced by thermionic electron emission. The hole injection mechanism seems to differ
from the electron one in the dependence on the work function of the metal coating. Based on
the performed analysis, it is suggested that for hole injection by AFM, pinning of the metal
Fermi level with the metal-induced gap states in the studied silicon oxynitride layers starts

playing a role in the injection mechanisms.



1. Introduction

Charging effect in thin dielectric materials was extensively studied since the 60’s of the last
century because of the large scientific and technological interest to this physical phenomenon.
Presently, the dielectric charging phenomenon is exploited in numerous applications,
particularly in electret-based and non-volatile memory devices [1]. Charges accumulation in
dielectric materials induces adverse effects on the response of the media, such as electric field
strengthening, breakdown or electrostatic discharges, which represent failure issues for
numerous systems. It is the case for example of radio-frequency MicroElectroMechanical
Systems (RF-MEMS) [2]. Dielectric charging of RF-MEMS switches is the main cause of
failure and low reliability of capacitive switches with electrostatic actuation. Due to the
trapping of electrical charges on the surface and/or in the volume of the dielectric layer, the
values of applied voltage for switch actuation are modified in a way that after a certain number
of events the switch is out of control. Different strategies, related mainly to the nature of the
dielectric layer (silica, silicon nitride, hafnium dioxide, tantalum pentoxide, etc.), have been
adopted to overcome this yet resisting drawback. However, deep understanding of the
mechanisms involved in charge injection and retention is crucial to improve reliability of
devices and systems, and consequently to limit or even to avoid, their failure. Charge storage in
insulating materials has received considerable attention during many years but it still
represents great scientific challenges, largely due to the lack of knowledge on the specific
mechanisms related to generation, transport and trapping of charges. Furthermore, when the
layer thickness scales down below micrometer dimension, specific issues are superimposed
[3]. For bringing new information on these processes, development of diagnostic means of
charging state, adapted to characterization of thin layers (thickness of few tens of nanometers),
is highly demanded. Classical space charges measurement techniques, based on acoustic [4] or
thermal [5] perturbation, fail to characterize thin dielectric films (thickness of less than a few
microns) due to their limited in-depth spatial resolution which is of the order of a few microns
at most. To attain the nanoscale level, techniques derived from Atomic Force Microscopy
(AFM) have naturally emerged offering the possibility to localize injected charges and to probe
the resulting modifications in the electrostatic field.

During the past decade Electrostatic Force Microscopy [6-8] (EFM) and Kelvin Force
Microscopy [3, 7, 9] (KFM) were extensively used to study charge injection and retention in
thin dielectric films. From experimental point of view, the charge injection phenomenon is
strongly influenced by the injection conditions: injection in contact or dynamic mode [10],

environment (humidity or gas nature) [3, 7], surface treatment [10], and measurement distance
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[11] (in case of lift mode). Even though the dielectric charging effects were extensively
investigated experimentally, the underlying physical phenomena are still marginally discussed
in the literature. The difficulties often stem from the fact that the electric field is very high and
highly diverging, and that the charging procedures are quite difficult to model, e.g. charging
achieved in taping mode. Up to now only few mechanisms were proposed to explain the
charge injection in thin dielectric films. Injection by corona discharge [12] is commonly
evoked in the literature as the main mechanism in analogy with the most widely applied
technique for dielectric charging. However, recent theoretical calculations, and the following
analysis, demonstrate that corona discharge cannot develop in so small tip-to-sample
distances, making it impossible to be considered as mechanism at the origin of charge
injection in AFM [13]. It is rather an electric field dependent mechanism to be seek to explain
the dielectric charging by AFM, in particular the field electron emission enhanced by
thermionic electron emission [13]. Moreover, current measurements during charge injection
reveal a behavior close to Fowler-Nordheim mechanism [14, 15]. Most of the studies on
dielectric charging by AFM focus on the charges retention capabilities of materials [3, 12].
The influence of tip characteristics (geometry of the tip and work function of the coating
material) is rarely taken into account to better understand the charge injection mechanisms.
Sun et al [16] briefly addressed the influence of the material work function of the AFM tip on
the charge injection, by comparing features from two tips with different coatings. However
there was no consideration of the tip geometry (which actually controls the electric field) or
the voltage polarity. Indeed, the AFM tip geometry is an important parameter which indicates
that different mechanisms [13] are involved in the charge injection process since electrons and
holes exhibit different injection and decay rates [17].

This study addresses the physical phenomena involved during AFM charge injection
in thin dielectric layers. Particularly, it reveals the influence of tip radius and tip work
function on the electron and hole injection through KFM measurements. After a quick
presentation of the experimental conditions, electric field simulation, using Finite Element
Model (FEM), is presented. Then, the experimental results obtained by KFM on plasma-
processed amorphous silicon oxynitride thin layers exploring AFM tips with different
geometries and metal coatings, i.e. different work functions, are presented and discussed
using the results from the electric field simulation to identify the mechanisms involved in

electron/hole injection and their lateral spreading.






2. Experimental part

To investigate charge injection in thin dielectric layers, a structurally well characterized
material is needed. Amorphous silicon oxynitride layers (a-SiOxNy:H, x <2, y < 1) with very
low nitrogen content (only 4 at.% for all samples) and structural and electrical properties close
to a thermal silica layer were selected for this study. They were elaborated by Pulsed Plasma
Enhanced Chemical Vapor Deposition (PPECVD) [18]. Our choice to probe plasma deposited
thin layers is based on the versatility of the plasma process and its compatibility with
microelectronic technology, which makes the study useful for many different applications. The
a-SiOxNy:H layers were deposited on Au/Ti metallized Si (100) 4"-wafers in the plasma
sustained by a capacitively-coupled radiofrequency (RF) discharge at frequency of
f=13.56 MHz with power of 5W. In the so-described structure the Ti-layer was used as
adhesive layer between the Au-layer and the Si-substrate. The RF discharge was modulated
with square pulses of period T, =400ms and pulse width of 100 ms. The gas mixture
contained SiH4 (1.2 sccm, where sccm stands for standard cubic centimeters per minute at
standard temperature and pressure), N,O (120 sccm) and He (80 sccm, equivalent to 40% of
the total gas flow). The total gas pressure used for deposition was p = 65 Pa. The substrate
temperature was kept to 300°C during the deposition process.

The layer thickness and its optical properties were determined by spectroscopic
ellipsometry measurements in the spectral range 250-850 nm. A Sopra GES-5 ellipsometer
was used. Detailed description of the applied procedure to acquire the spectra is given in
reference [19]. Simulation of the recorded spectra was performed with Winelli software [20]
provided by Sopra. Forouhi-Bloomer dispersion law [21] was applied for spectra processing.
This approximation provides information on the layer thickness and its optical properties (n —
refractive index and k — extinction coefficient). To study the charge injection we have used
40 nm-thick a-SiOxNy:H layers (refractive index, n = 1.49 + 0.01 at A = 632.8 nm and relative
dielectric permittivity, & =3.90+0.05 at 1kHz and room temperature determined by
spectroscopic ellipsometry and dielectric spectroscopy measurements, respectively). More
information on the structural and electrical characterization of these dielectric layers is given
elsewhere [18, 19].



Figure 1. SEM images of silicon AFM tips with (a) Pt and (b) diamond coating.

AFM measurements were performed using a Bruker Multimode 8 apparatus. Charges
implantation protocol and ambient environment were well controlled in order to ensure results
repeatability. AFM silicon tips with different coating materials, as provided by Bruker and
NanoSensor, were used to investigate the influence of injection conditions, especially the
influence of tip work function and geometry on the injected charges. The charging step was
achieved in contact mode (contact force set to 20nN) by applying positive or negative DC bias
between 5V and +25V to the AFM tip during 1min, the silicon wafer back side being
grounded. The Au/Ti layer between the silicon substrate and the dielectric layer remains at
floating potential. Moreover, a controlled environment, without humidity and under N,
atmosphere, was used avoiding thus charge dissipation due to water layer adsorbed on the
sample surface. After the charging step, the same AFM tip was used to probe the surface
potential by Amplitude Modulation KFM with 5nm-lift. The spring constant was estimated
using Thermal Tune mode and was monitored during measurements to control accurately the
contact force during injection. As the tip properties are crucial for our study, each tip was
previously characterized using Scanning Electron Microscopy (SEM) to determine the tip
curvature radius. Figure 1 shows SEM images of AFM silicon tips with different coatings
emphasizing important differences in terms of surface morphology and curvature radius. The

characteristics of all tips used in this study are summarized in Table 1.

Table 1. AFM tip characteristics
Item Pt Co PtSi D

Coating on silicon Platinum Cobalt PtSi alloy Diamond

Depends on doping

Work function - ¢n 5.64 eV [22] 5.00eV [22] 4.80eV [23]
(around 5.5eV)

Curvature radius - R, 27 nm X 27 nm X




46 nm 46 nm X X
x 118 nm X 128 nm

3. Electric field modeling

To identify physical mechanisms involved in charge injection using AFM tip, electric field
modeling is required. A simple model describing the AFM tip as a truncated cone of 10um-
height with 14° degrees aperture angle, and ending with a semi-spherical apex (of curvature
radius Rc) was used. It corresponds to classical AFM tip shape used for modeling [24]. The tip
is supposed to be surrounded by air box (of dimensions large enough to avoid edge effects) and
in contact with the dielectric a-SiOxNy:H layer, of 40 nm in thickness. The relative dielectric
permittivity of a-SiOxNy:H equals 3.9, as measured by dielectric spectroscopy [18] and that of
the air is taken as 1. The potential is applied on the tip surface and the dielectric back side is
supposed at reference potential.

In order to compute the electric field distribution in air and in the dielectric layer, a 2D-
axisymmetric finite-element model using COMSOL Multiphysics® was developed. Mesh was
refined and optimized close to the contact point to improve calculation accuracy. The dielectric
layer was supposed free from electrical charges. The Poisson's equation was solved in air and
in the dielectric layer to determine the potential distribution. Without charges, it is in the form:

divE = 0. )
The electric field IIE derives from the potential:

E= —gradV . (2)
Typical boundary conditions for the described configuration were applied. No charge
conditions (zero potential) are applied on the free boundaries of the simulation box. These
conditions ensure no edge effects.

Figure 2(a) represents the equipotential lines and the electric field intensity for 10V
applied on a 27nm-radius tip. The distribution of the axial component of electric field E; is
depicted in figure 2(b). As expected, the electric field is enhanced close to the AFM apex. The
evolution of E; as a function of the position in depth of the dielectric layer (along the vertical
axis for r = 0) is represented in figure 2(d) for different tip curvature radii and applied potential
of 10V. Close to the dielectric surface, the electric field is substantially enhanced compared to
a plane-plane configuration (2.5 x 10® \//m for the above given conditions, represented by the
dot line in figure 2(d)). This field intensification increases when the tip curvature radius is

smaller. The ratio between electric field intensity at the tip and that at the ground varies with



factors from about 3.5 to 1.6 when the tip curvature radius changes from 27 to 120nm. The
calculated electric field strengths at the contact point are not far from the highest applied
electric field (1.5 x 10® V/m) in current measurements performed on Metal/Insulator/Metal
capacitors containing the studied oxynitride layers where no breakdown appeared [18].
Besides, KFM measurements performed at the same location after charges dissipation exhibit
no modifications either of the surface topography or of the surface potential, whereas this
should be the case when local breakdown occurs [25].

The radial contribution of the electric field E; is depicted in figure 2(c) for 10V applied
on the 27nm-radius tip. It can be seen that the radial field contribution both in air and in the
dielectric is quite significant and cannot be neglected in respect to the axial contribution of the
electric field when considering the electric field intensity. The E, distribution at the
dielectric/air interface (z =0) is represented in figure 2(e) for the same applied potential and
different tip curvature radii. Note that there is continuity of the radial contribution of the field
at the air/dielectric interface, contrary to the case of the axial contribution. The radial electric
field maximum value and position are strongly influenced by the tip curvature radius. Indeed,
when the tip curvature radius decreases, the maximum electric field increases and occurs at
closer distance to the contact point. In the following, experimental results are compared with
the axial electric field at the injection point and with the maximum value of the radial electric

field component at dielectric/air interface.
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Figure 2. Spatial distribution of the computed electric field: (a) equipotential lines and electric field intensity; (b)
axial contribution E, and (c) radial contribution E, of the electric field for 10V applied on 27nm-curvature radius
AFM tip. Impact of tip curvature radius on the field distribution: comparison of (d) E,(r=0) and (e) E,(z=0) cross

sections with 10V applied to AFM tips of different curvature radii.

4. Experimental results

Charge injection was performed under tip bias varying from -25V to 25V in 5V steps applied
for 1min. For each new value of the bias voltage the charge injection was achieved on a new
position on the a-SiO.Ny:H layer away from a previously charged point not to suffer any
influence. KFM profiles were recorded immediately after voltage application, along a line
crossing the injection point. Figure 3 represents classical cross-section over bell-like shape
potential, which is obtained after local charging of the thin dielectric layer [19]. This profile
exhibits Gaussian shape and is exploited for extraction of three parameters relevant to our
study: (i) the maximum potential, Vp, in respect to surface reference potential which is
measured at the injection point; (ii) the peak full width at half maximum (FWHM) which
reflects the lateral spreading of injected charges; and (iii) the area under the potential profile I,
which represents to a first approximation the quantity of stored charges in the dielectric layer
[26]. In the following, the impact of AFM tip geometry, tip coating and applied bias on these

three parameters is studied aiming at an identification of the charge injection mechanisms.
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Figure 3. KFM profile obtained on 40nm-thick a-SiOxN,:H layer after charging for 1min at 25V using Pt-coated

AFM tip with curvature radius R, = 27nm.

4.1. Lateral charge spreading

Figure 4(a) represents the evolution of the FWHM of the potential profiles as a function of the
applied bias for different tips. As the FWHM reflects the charge spreading in the dielectric
layer this parameter is closely related to the structural properties of the studied dielectric
layers. The selected, for this study, a-SiOxNy:H thin layers with properties close to thermal
silica offer the possibility to inject measurable quantity of charges [19] however, strongly
limiting the lateral charge spreading. The surface potential profile remains almost unchanged
(broadening of less than 5%) over the charge injection step. It means that the variation of
FWHM presented on figure 4(a) is solely due to the applied bias and the properties of
different tips. First of all, the FWHM increases continuously with the applied bias
independently of the carrier nature (positive or negative bias). Moreover, the FWHM behavior
depends only on the tip radius. The nature of the tip coating seems to have no influence. The
fact that FWHM varies with tip radius and injection bias without effect of the tip coating or
charging polarity points towards geometrical features of the measurement conditions
including field magnitude. As the dielectric layer is relatively thin in respect to the measured
FWHM, it is expected that the position of the charges in the depth of the dielectric layer has
little influence on the measured FWHM, i.e. the injected charges are trapped at the vicinity of
the injection point. Therefore, we have tentatively put in relation the width of the potential
profile and the computed radial component of the electric field for the same tip radius and

applied bias.
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Figure 4: Evolution of the FWHM of KFM profile as function of (a) injection bias and (b) lateral electric field
for different AFM tips.
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Figure 4(b) represents the variation of FWHM as a function of the maximum value of
the radial electric field component computed according to the model presented in the previous
section for each one of the couples: applied bias to the tip and its curvature radius. A good
correlation is observed between the FWHM and the maximum of the radial electric field.
Indeed, the FWHM of the potential spot increases when the radial electric field increases. The
charge spot broadening is less pronounced for tips with large curvature radii, which most
probably is linked to the degradation of the lateral resolution for these tips. The tip diameter in
this case approaches the potential spot dimensions. These results emphasize that charge lateral
spreading is mainly driven by the radial electric field, independently from the charges nature.
To go deeper into the understanding of this phenomenon a more detailed theoretical model
taking into account the radial electric field modifications induced by the injected charges and
description of the available charge traps in the dielectric thin film is required. However, as a
first approximation our results show that the broadening of the potential profile is mainly
driven by the radial electric field. Most likely the trapping of the injected charges prevents
from further lateral spreading.

The FWHM vs. bias curves appear symmetrical with bias polarity, cf. figure 4(a). This
is not a necessarily expected behavior since the dispersion of positive and negative charges on
the sample surface might be different. Reports on other materials like SiO, or PMMA [10]
with non-symmetric FWHM point towards surface carrier conductivity which can be affected
by surface pollution (water layer for example). In the dry atmosphere conditions of our study,
surface conductivity is avoided and the behavior should be linked to the intrinsic properties of
the a-SiOxNy:H dielectric layer. Consequently, in the studied a-SiOxNy:H thin layers, for high
electric fields (>10° V/m), positive and negative carriers exhibit quite the same lateral

transport features.

4.2. Charge injection efficiency

To investigate charge injection efficiency in thin dielectric layers two parameters are
considered: (i) AFM tip (electrode) metallic coating (metal work function) and (ii) tip
curvature radius. These two parameters are involved in the theory of field emission in intense
electric fields established by Fowler and Nordheim [14]. Figure 5 emphasizes the influence of
tip curvature radius on the variation of the measured KFM maximum potential (V,,) and on
the integrated potential (Is, the area of KFM profile considered as a measure of the density of
stored charges) as a function of applied bias for Pt-coated tip. As shown on figure 5(a), the

maximum potential increases linearly with the applied bias. The maximum potential is higher
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for smaller tip curvature radius. Figure 5(b) confirms the increase in stored charge amount
with decreasing the tip curvature radius. The integrated potential is symmetrical when the bias
polarity is reversed. Consequently, for Pt-coated electrode, the injected charge amount is
independent from the bias polarity. The increase in tip curvature radius induces significant

decrease in the injected charge amount.
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Figure 5. Evolution of (a) maximum potential V,, and (b) integrated potential profile I as a function of injection
bias for Pt-coated AFM tips with different curvature radii.

Figure 6 emphasizes the influence of metallic coating (metal work function) on the
evolution of maximum potential and integrated potential profile as a function of applied bias
for a 46nm-curvature radius tip. As shown on figure 6(a), the maximum potential increases
linearly with the applied bias but its behavior strongly depends on the bias polarity. Indeed,
for positive bias on the tip, the maximum potential scales up linearly without being influenced
by the metal coating nature whereas, for negative applied bias, the maximum potential
evolution depends substantially on the metal coating determining a steeper slope of the curve
for Co- compared to the Pt-coated tip. Figure 6(b), confirms the above observations and
points out that, contrary to the Pt-coated tip, the integrated potential profile obtained with the
Co-coated tip is not symmetric with respect to the positive and negative applied bias
polarities. For positive applied bias, the injected charge density is independent on the metal
coating, whereas for negative bias, the injected charges amount is larger for the Co- than for
the Pt-tip. The origin of this effect can be found in the difference of the work functions
between the two metal coatings of the AFM tip. To confirm this evolution a more systematic
study on the influence of electrode work function on the charges density is proposed in the

next section.
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Figure 6. Evolution of (a) the maximum potential V,, and (b) the integrated potential profile I as function of the

injection bias for Pt- and Co-coated AFM-tips (curvature radius fixed to 46nm).

The electrostatic modeling presented in section 3 shows that the axial electric field
represents the main contribution to the electric field. Therefore, the integrated potential profile
I for different metal coatings and tip radii obtained for negative applied bias to the tip is
presented in figure 7(a) as a function of the axial electric field computed at the injection point.
The integrated potential profile Is appears roughly proportional to the electric field strength at
the injection point and the slope of this dependence is steeper when the work function of the
metallic coating is lower. The proportionality between Is and applied bias V is probably
fortuitous since injection laws in general are non-linear in field and the field is diverging in
the analyzed situation, with the existence of a triple point around the injection point. In
addition, the radial component of the electric field favors lateral spreading of the injected
charges. The greatest contribution of the radial electric field appears at a finite distance from
the injection point (r =0) and the position of the maximum along with the magnitude are
substantially dependent on the tip curvature radius (figure 2(e)). For these reasons, it is
difficult to evaluate charge amount vs. applied bias for inferring injection mechanism.
However, the impact of the metal work function is addressed in the discussion.

The shape of the Is vs V curves is different for positive applied injection bias to the
AFM tip. Indeed, as shown on figure 7(b), for Co- and Pt-coatings the integrated potential
profile scales up linearly with the electrical field offering a reduced influence of the tip
coating. The dependencies on the metal coating work function get closer to each other, even
showing a tendency to invert. Exception is observed for the PtSi-coated tip only which is most
probably related to the kind and doping degree of Si in the alloy, unfortunately not reported in
the AFM tip data sheet. However, the results shown in figure 7 confirm that the electric field

has quite the same influence on the hole injection height barrier as on the electron one, but the
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dependence on the metal work function differs. To clarify this last point we have performed

an analysis treating the studied silicon oxynitride layers as wide-band-gap semiconductors.
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Figure 7. Evolution of the area under the potential profile I as function of the computed axial electric field
component for different metal work functions for (a) negative injection bias and (b) positive injection bias in a-
SiO4Ny:H thin layer. The lines in the graph are shown as guide to the eye.

6. Discussion

The physical situation that arises in this study is a contact between metal and dielectric
layers. The transport properties at the metal-semiconductor (dielectric) interface, usually
called MS-interface, are generally considered in terms of Schottky barrier height (SBH).
Accordingly, the density of injected charges is determined by the SBH. When a negative bias
is applied to the tip, one considers that electrons are injected in the silicon oxynitride layer.

The injection barrier height ¢ is given by [27]:

/ e E
(I)e_(l)m_x_ 4TCSr &, ) (3)

where ¢, is the metal work function, y is dielectric layer electron affinity, e is the elementary

charge, ¢ is the relative permittivity of the dielectric layer and g is the vacuum permittivity.
Given the constant character of parameters related to the silicon oxynitride layer, a-SiOxNy:H,
relation (3) predicts that the injection barrier decreases when the electric field increases and/or
the metal work function decreases. Considering the measured for the a-SiOxNy:H relative
dielectric permittivity & = 3.9 [18] and electron affinity of silica layers as reported in the
literature x = 0.9 eV [28] we estimate from relation (3) a reduction of the injection barrier
height of 0.27 eV for the lowest applied field of 2.0 x 10° V/m and of 0.74 eV for the highest
applied field of 1.5 x 10° VV/m. For a given value of the electric field the reduction of the
injection barrier height leads to an easier injection of the electrons in the dielectric layer. This

results in a higher density of injected charges as observed in this study (figure 7(a)). When the
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metal coating has lower metal work function, i.e. Co-coated tip versus Pt-coated tip, the
injection is further enhanced. As far as the injection mechanism is concerned its identification
requires analysis considering also the temperature as the injection barrier is involved in
different injection mechanisms like thermionic emission or field electron emission, or the
mutual action of both emissions [29]. For the range of electric field variation studied in this
work and based on the methodology described by Murphy and Good [29], the domains of
action of thermionic and field electron emissions, the intermediate region and their limits
were studied and reported for Co- and Pt-coatings in reference [13]. While the electric field
dependence acts on the shape of the injection barrier at the surface, the temperature
dependence occurs at the Fermi distribution function of the free electron gas in the metal. The
charge injection in this work was performed at room temperature. For electric field strengths
up to 6.4 x 10® V/m the electrons are injected in the silicon oxynitride layer due to the mutual
action of thermionic and field electron emissions. The domain of pure field electron emission
applies for higher electric fields. As predicted earlier [29] and observed here the transition

between different injection mechanisms is smooth (figure 7(a)).
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Figure 8. Energy band diagram for metal-dielectric interface. The metal is described by its Fermi level (Egy,) and
its work function ¢.,. MIGS are described by the charge neutrality level dcni. The dielectric is described by its

valence Ey, and conduction E¢ levels.

However, application of a positive bias cannot be analyzed only on the basis of pure
Schottky injection mechanism although the electric field strength is high. The region created
on the MS-interface should also be considered. Without loss of generality, when a positive
bias is applied to the AFM tip (figure 7(b)) the charge injection barrier height at the metal-
oxide interface is rather described in the literature by the theory of metal-induced gap states

(MIGS) [30]. These states are predominant donorlike if they are close to the dielectric valence

15



band - Ey and acceptorlike when they are close to the conduction band - Ec (figure 8). The
energy level in the band gap where the inversion occurs is called charge neutrality level -
Ecne. Generally though, when a metal and semiconductor (oxide layer) are in contact they
form an interface where charge transfer arises between the metal and interface states lying in
the semiconductor/dielectric band gap. The charge transfer creates a dipole which reduces the
SBH and consequently modulates the influence of the metal on injection. As shown in figure
8, when the metal Fermi level is close to the Ey and MIGS are close to the Ec the electron
injection will be driven by the metal work function and the hole injection by MIGS.

Using the MIGS model the potential barrier height ¢, for hole injection can be
expressed by the following relation:

oy = Eg _S((I)m _¢CNL)_(¢CNL _X)v 4)
where Eq is the electronic gap of the dielectric layer and ¢cni is the charge neutrality level
measured from vacuum level which depends on the dielectric material properties. S is a
dimensionless slope of barrier height to metal work function. It is related to the density of
MIGS and their extension in the dielectric gap describing thus the pinning of the Fermi level
of the metal with the MIGS and the degree of screening induced by the interfacial states [27].
It was shown previously that the pinning parameter S correlates with the electronic part of the
dielectric constant (&) [31] and empirically obeys the relation [32]:
1

T 1401(s, 1) ©

where &, is the high frequency limit of the dielectric constant. For S equals 1, MIGS have no
influence on hole injection and for S equals O, injection is ruled only by MIGS [33].
Concerning the a-SiOxNy:H layer under study the measured by ellipsometric spectroscopy
value of the electronic part of the dielectric constant is &, = 2.24. Applying the relation (5)
one finds the pinning parameter S equals 0.867. This value is consistent with values reported
in the literature for silica layers [28, 31-33] as the used a-SiO«Ny:H layer has dielectric
properties close to thermal silica. The obtained value for the pinning parameter indicates
rather low influence of the interfacial states on the hole injection, i.e. the work function
dependence is not screened by the interfacial states, which actually does not explain the
results obtained when a positive bias is applied on the AFM tip (figure 7(b)). Although
physically sound, the MIGS theory has some drawbacks, like for example the point that it
describes the semiconductor (dielectric) part without considering the image charge created in
the metal. The CNL does not apply to the entire interface region. It rather refers to the
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semiconducting part only. It assumes that the net charge due to the occupation of surface
states is determined only by the position of the Fermi level at the surface. The CNL is defined
as the one that coincides with the Fermi level position, no distribution is assumed.

A recent theory [34, 35] based on the polarization of the chemical bonds at metal
semiconductor interfaces could quantitatively account for the experimentally observed
strength of Fermi level pinning (S parameter) without regard to the actual distribution of gap
states. It goes beyond the MIGS theory, considering formation of a dipole, called Schottky
dipole, which is formed from the net charge resulting from the gap states and its image charge
in the metal. Only considering a chemical bonding at the MS-interface a coherent explanation
of the Fermi level pinning effect, on the one hand, and the experimentally observed
dependence of the SBH on interface structure, on the other hand, can be provided.

5. Conclusion

Influence of AFM tip geometry (curvature radius of the tip) and metal coating (work function)
on the charge injection in thin dielectric amorphous silicon oxynitride layers was investigated
experimentally. A theoretical model was developed to support the analysis of the obtained
results. Results emphasize that the charge lateral spreading is driven by the radial contribution
of the electric field. Moreover, it was shown that in a-SiOxNy:H thin layers both carriers,
electrons and holes, obey the same lateral transport processes. Concerning charge injection
mechanisms, the injected charge amount is influenced by the nature of electrode metal coating
(work function) and its geometry (tip curvature radius) which modify the applied electric
field. The charge behavior varies as a function of the carrier nature. The electron injection is
mainly ruled by the Schottky injection barrier through field electron emission mechanism
enhanced by thermionic electron emission. The amount of injected charges increases with
increasing the electric field intensity and decreasing the work function of the AFM tip metal
coating. It is larger when the charge injection is performed with AFM tips with smaller
curvature radii. However the hole injection mechanism seems to differ from the electron one
in the dependence on the work function of the metal coating. The MIGS theory fails to
describe correctly the charge injection mechanism for hole carriers in the studied a-SiOxNy:H
thin layers expressing an experimentally obtained pinning parameter not much lower than
unity. Further studies will be directed to elucidation of this last observation to better

understand the charge transfer at the interface between two very thin metal/dielectric layers
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when using AFM. A direction to explore is the recently developed theory based on the

polarization of the chemical bonds at metal semiconductor interfaces.
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