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Zusammenfassung:

Die kontinuierliche Steigerung der Komplexität und Integrationsdichte von integri-
erten Schaltungen (integrated circuit - IC) in der Mikroelektronik stellt hohe Ansprüche
an die Techniken und Methoden der Fehleranalyse (FA). Um mit den Entwicklungen der
Technologie Schritt halten zu können, müssen die Techniken der FA ständig weiteren-
twickelt und neuen Bedingungen und Standards angepasst werden. Die Laserstimulation
(LS) ist eine der meist genutzten Techniken in der heutigen Fehleranalyse. Sie dient in
erster Linie der Defektlokalisierung in ICs. Dabei gibt es verschiedene Arten der LS.
Abhängig von der genutzten Wellenlänge des Lasers, kann photoelektrische (PLS) oder
thermische Laserstimulation (TLS) durchgeführt werden.

Mit dem technologischen Fortschritt ergeben sich verschiedene Probleme, die gelöst
werden müssen, um die Anwendung von LS auch für moderne Produkte gewährleisten
zu können. Die gröβte Sorge ist dabei die nötige Auflösung. Heutzutage sind die Di-
mensionen der Transistoren bereits weit unter dem Auflösungsvermgen der LS Systeme.
Obwohl es mit raffinierten Methoden verbessert werden kann, wie z.B. durch den Einsatz
von Festkörperimmersionslinsen (solid immersion lens - SIL), wird das auf Dauer ver-
mutlich nicht für die kontinuierlich schrumpfenden Dimensionen der Bauelemente, sowie
die wachsende Integrationsdichte und Komplexität ausreichen. Somit ist es notwendig,
neben den Bemühungen der Auflösungsverbesserung, die LS auch auf die einzelnen Kom-
ponenten eines ICs anzuwenden, um auf diese Weise umfassende Erkenntnisse über die
Effekte der LS auf die Bauelemente zu gewinnen, in Abhängigkeit von der Wellenlänge
des Lasers, dem Betriebszustand des Bauelementes, der stimulierten Fläche und den
verwendeten Materialien.

Das Ziel dieser Arbeit ist die ausführliche Untersuchung verschiedener Komponen-
ten eines ICs mit statischer LS, angefangen mit der Analyse einfacher Leiterbahnen,
über Widerstände aus Polysilizium, thermoelektrische Materialübergänge, pn-Übergänge
bis hin zu Feldeffekttransistoren. Die Kombination verschiedener Laserwellenlängen,
vorder- und rückseitiger Analyse und unterschiedlicher elektrischer Betriebszustände der
Bauteile wurde ausführlich untersucht und diskutiert. In einigen Fällen wurde ein theo-
retisches Modell für das Bauteil bei Laserbestrahlung entwickelt, um damit Simulation-
sergebnisse zu erzeugen und diese den Daten der Experimente gegenüberzustellen.

Mit statischer LS können Informationen über die Empfindlichkeit einzelner Bereiche
eines Bauteils bei lokaler LS gesammelt werden. Diese Methode eignet sich für einfache
Defektlokalisierung, liefert aber keine Daten zu der Dynamik des LS Prozesses. Das dy-
namische Verhalten des Bauteils bei LS ist abhängig von Parametern des LS Systems und
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Eigenschaften der untersuchten Probe, wie z.B. Geometrie, Materialien und elektrischer
Betriebszustand. Die Untersuchung der Veränderung des LS Signals liefert wertvolle
Erkenntnisse über das Bauteilverhalten und mögliche Defekte. Auch für die Defekt-
lokalisierung kann es nützlich sein, falls die genaue Lage eines Fehlers nicht bekannt ist
und er sich beispielsweise auf einer mittleren Metallebene befindet, unerreichbar für eine
direkte Stimulation, weder von der Vorder- noch von der Rückseite des Chips. Das dy-
namische Verhalten des LS Systems wurde zuerst analysiert, um später einschätzen zu
können, wie groβ der Einfluss des zu testenden Bauteils auf die Dynamik des gesamten
LS Prozesses ist. Nächster Schritt war die Untersuchung der Veränderung des LS Signals
verschiedener Bauteiltypen. Für diese Charakterisierung wurde die Signalverzögerung
mit einem digitalen Oszilloskop aufgenommen und mit Hilfe eines Lock-In-Verstärkers
die Phasenverschiebung des LS Signals gemessen. Nach der Analyse der gesammelten
Messergebnisse, wurden abschlieβend Erklärungen für das dynamische Verhalten der LS
formuliert und ausführlich diskutiert.

Summary:

The continuous increase of the complexity and integration density of microelectronic
integrated circuits (IC) sets high requirements for failure analysis (FA) techniques and
methods. In order to keep pace with the technology advancements, these techniques
must be under constant development and have to be adjusted to the rapidly changing
conditions and standards. Laser stimulation (LS) represents one of the most commonly
used group of techniques in today’s FA. It is mostly used for the purpose of localization
of defects and anomalies in ICs. There are many flavours of LS. Choosing a proper
laser light wavelength one can perform photoelectric (PLS) or thermal laser stimulation
(TLS). Depending on whether the laser beam has constant power or is modulated, LS
can be static (SLS) or dynamic (DLS).

As a result of the technological progress, there are many problems that need to be
solved in order to still be able to apply the LS to state-of-the-art products. The greatest
concern is the resolution. Nowadays, the dimensions of transistors are already much
smaller than the resolving power of the LS systems. Although it can be improved by
using sophisticated approaches like, for instance, solid immersion lenses (SIL), it will
probably not keep pace with the ever decreasing device dimensions, increasing integra-
tion density and overall complexity. Therefore, in parallel to struggling to improve the
resolution, it is mandatory to apply the LS to all basic IC components, to perform thor-
ough study aiming at understanding the interaction of laser beams with the devices,
depending on the laser wavelength, device operating conditions, stimulation area and
materials.

The scope of this work was to study in detail the static LS of various IC components,
beginning from the analysis of the simplest metallic interconnect, through polysilicon
resistor, thermoelectric junction of two materials, p-n junction to field effect transistor.
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The combination of laser wavelength, front- and backside approach, and device electrical
condition was analyzed and discussed in detail. In some cases an approach was under-
taken to create a device-under-illumination model, simulate the results and confront
with the experimental data.

Static LS delivers information about the sensitivity of device areas to local LS. It is
good enough for general localization purposes, but it does not deliver any information
about the dynamics of the LS process. The transient behaviour of the device response
during LS depends on the parameters of the LS system and on the DUT properties like:
geometry, applied materials and electrical conditions. Studying the evolution of the LS
signals delivers valuable information about the device performance and possible defects
or anomalies. It can also help in device or defect localization, in cases when the exact
location is not known, for instance when the device or defect is located in the middle of
the metallization stack and is not accessible for the stimulation, neither from frontside
nor backside of the chip. The dynamic behaviour of the LS system was evaluated at first,
in order to be able to later estimate the device contribution to the LS dynamics. Then,
various device types were studied in terms of LS signal evolution. The characterization
was performed by direct delay measurements using digital oscilloscope and by lock-in
amplifier-assisted phase-sensitive detection of LS signals. The measurement results were
analyzed, explanation of LS dynamic behaviour proposed and discussed in detail.
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”We learn wisdom from failure much more than from success. We often discover what
will do, by finding out what will not do; and probably he who never made a mistake

never made a discovery.”
[Samuel Smiles]
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Semiconductor devices have changed the world drastically during the last five decades
they. Nowadays, they are almost everywhere, from appliances to space ships. One can
hardly find an industry that can live without them. The progress in many disciplines in
today’s world depends on the advancements in the semiconductor manufacturing tech-
nology. Semiconductor devices, interconnected to each other give us powerful, complex
devices known as integrated circuits (IC). The goal is to increase the computing power
and decrease the manufacturing cost, in the same time. To accomplish this, one needs
to pack as many devices on the smallest possible area and ensure proper functionality
by interconnecting them properly. This leads to scaling down of IC components and
increasing number of interconnection levels. These days, the single transistors are in
the deep-submicrometer regime and close to the physical limits. One can easily imagine
that manufacturing process of such micro- and even nanoelectronic devices is not an
easy, free of problems process. In fact, the ever increasing complexity of IC manufactur-
ing processes has lead, over years to the development of the separate discipline, without
which no progress would be possible - failure analysis (FA).

Today, FA is a critical element for all phases of the integrated circuit (IC) product cycle
[Sod93]. FA includes support of fabrication tool development, processing development,
technology development, manufacturing, testing, and field return analysis of ICs. What
makes FA absolutely necessary is the fact that is impossible to assure reliability, yield
and desired performance of components if the potential causes of failures and yield losses
are not understood. FA provides this information necessary for technology advancement
and for corrective action to be taken [Sod97].

FA is performed on unpatterned test wafers, short loop monitor wafers, test circuits
on completely processed wafers, IC dies and packaged ICs. Because of the complexity
level of current IC technologies, test structures are often substituted for ICs during
development to facilitate yield analysis. In this case, the surrogate test structures must
dependably predict effects that will be manifested in the IC. [Pab93]

In general, the FA process involves the following activities: 1. Assure failure validity;
2. Characterize the failure; 3. Sample preparation and analysis; 4. Root cause determi-
nation; and 5. Corrective action [SAH97].

There is number of FA analysis techniques and tools available to failure analyst.
Among others there is a group of optical localization techniques. Laser scanning micro-
scope (LSM) is one of the most common tools used in FA laboratories. As IC technology
advances, FA technology must keep pace if it is to provide the needed level of support.
Therefore, continuous development and improvement is necessary at each of the FA pro-
cess steps. FA localization and analysis techniques are no exception. In order to be able
to successfully apply the LSM to state-of-the-art, complex ICs it is important to adjust
the tool and techniques to new requirements by the improvement of the resolution and
by understanding of the laser beam optical interaction with the IC components.
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LSM is mostly used to perform laser stimulation (LS). Depending on the applied laser
wavelength, device operational conditions, illuminated device area and material, the
stimulation may be thermal (TLS) or photoelectric (PLS).

Originally TLS has mostly been applied to IC interconnects to localize defects in the
metallization. PLS, in turn, was used to localize defects in the active devices. Back then,
when the number of metallization levels necessary to interconnect active devices was still
low, the analysis was performed from the frontside of the chip (FS). Increasing number
of interconnection levels and flip-chip packaging made the analysis from the frontside
of the chip very difficult and very often impossible. Performing the analysis from the
backside (BS), through the bulk silicon, was the solution. Using the advantage of the
silicon transparency to certain laser wavelengths and the possibility of ultimate bulk
silicon thinning and polishing, it was still possible to apply laser stimulation techniques.

Nowadays, when the devices dimensions are way below a micrometer, the greatest con-
cern, when using LS techniques, is the resolution. It is laser wavelength and diffraction
limited. Although it can be improved by using sophisticated approaches like, for instance,
solid immersion lenses (SIL), it will probably not keep pace with the ever decreasing de-
vice dimensions, increasing integration density and overall complexity. Therefore, in
parallel to struggling to improve the resolution, it is mandatory to apply the LS to the
basic IC components, to perform thorough study in order to analyse and understand the
interaction of laser beam with the devices, depending on the laser wavelength, device
operational conditions, stimulation areas and materials.

LS can be static (SLS) when the CW laser beam is employed, but can also be dynamic
(DLS) when modulated power laser beam is used. SLS delivers only the information
about the efficiency of the LS of the semiconductor devices. But it is not saying any-
thing about the dynamics of the entire process. And the LS is not an immediate process
- its transient behaviour depends on the parameters of the system used for LS but also
on the DUT properties like: geometry, used materials, electrical condition. Studying the
evolution of the stimulation signals may deliver valuable information about the device
performance and possible defects. It can also help in device localization, in cases when
the exact location is not known, i.e. when the device/defect is located in the middle of
the metallization stack and is not accessible for stimulation neither from frontside nor
backside.

The scope of this work is to study in detail the LS of various IC components, begin-
ning from the analysis of the simplest metallic interconnect, through polysilicon resistor,
thermoelectric junction of two materials, p-n junction to field effect transistor. The com-
bination of laser wavelength, front- and backside approaches, DUT electrical condition
is analyzed and discussed. In some cases a device-under-illumination model was created
to simulate the results and confront with the experimental data.

Another great part of this work is the analysis of the LS dynamics of various devices.
The dynamic behaviour of the laser stimulation system is evaluated at first. Then,
various device types are studied in terms of LS signal evolution. The LS dynamics is
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characterized by direct delay measurement using digital oscilloscope and/or by lock-in
assisted phase sensitive detection of LS signals, phase measurements and delay extrac-
tion.

The content of this work is structured as follows. First of all, theoretical background
is presented (part II). It contains IC basics and presentation of laser light properties,
followed by the information about the interaction of light with matter. Next, tempera-
ture dependence of most important, with respect to this work, semiconductor devices’
electrical performance is presented. Finally, laser scanning microscopy techniques are
described. In the following part of this work (part III) experimental setups and methods
are discussed in detail. Next part contains the information about the used devices and
sample preparation (part IV). The main part of the work focuses on the presentation
of measurement results, device modelling and its verification in laser stimulation of the
employed devices (part V). Last part of the work contains summary, conclusions and
discusses the future prospects.
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Part II.

Theory
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Laser stimulation (LS) techniques use scanning laser beam of the LSM to modify
the electrical performance of IC components. Depending on the laser light wavelength,
analyzed IC properties, electrical condition, type of illuminated IC component or area
(material) of certain component, the interaction of the laser with the IC/device may
proceed in several ways. To understand it, it is necessary to know how the analyzed
devices operate, what are the properties of the laser light used for stimulation and how
does the light propagate in materials. This part covers the theoretical background of
these issues.

One of the effects of the laser light in the IC is a locally elevated temperature. In order
to have the reference point for the analysis of such localized temperature variations, the
temperature dependence of basic IC components electrical performance is presented as
well.

The most important of LS parameters is the laser light wavelength used for stimula-
tion. It is the major determinant of the stimulation type. In fact, thermal stimulation
is present at any wavelength. It may simply not be the dominating type of stimulation
depending on other factors like stimulated material and device operating condition. If
silicon material is illuminated and the light is energetic enough to produce e-h pairs, the
stimulation can be photoelectric. In addition, it is always thermal, when the light is ab-
sorbed on free carriers. However, when photons have energy higher than semiconductor
bandgap, photoelectric stimulation is typically many orders of magnitude stronger than
thermal stimulation. When metallic areas are illuminated, the stimulation is thermal
regardless of the used wavelength. On the other hand, oxides are almost transparent to
the light of wavelengths that are typically used in LS. The presentation of laser stimu-
lation background, discussion of LS types and techniques is also a content of this part
of the dissertation.
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1. Integrated circuits (IC) basics

Since the development of the first operational integrated circuit in 1958, the basic tech-
nologies used to manufacture ICs have not changed. They have, of course, been signif-
icantly improved and many new ways of depositing, etching, diffusing and patterning
have been developed. However, these improvements have been more evolutionary than
revolutionary [Plu00].

The cross section of a typical IC is shown in figure 1.1. The thickness of the wafer
is typically >500 µm. IC manufacturing process can be divided in two major parts:
front-end of line (FEOL) and back-end of line (BEOL). In the front-end, one creates
the components of the circuit (mostly transistors). The thickness of the layer where all
these components are manufactured is in the order of 1 µm.

Once the various semiconductor devices have been created they must be interconnected
to form the desired electrical circuits. This part of the process is called back-end of line
(BEOL) and it involves creating metal interconnecting wires that are isolated from each
other by insulating dielectrics. Recently, due to the large number of transistors that
need to be interconnected, the level of interconnect levels has substantially increased.

Figure 1.1.: Schematic cross section of a modern silicon integrated circuit.
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Basic IC components can be divided into two groups: active and passive. The group of
IC active devices consists of such components like: p-n junction and field effect transistor.
The passive devices are: resistors, capacitors and inductors. In the following two sections
these devices and their basic characteristics will be reviewed, as it is necessary for better
understanding of the later presented experimental results.

1.1. Active devices

Active devices are the devices which deliver power in the circuit, amplify or can be
switched. Most common IC active devices are: p-n junctions and FETs. They are
manufactured in the top layer of the silicon wafer during front-end of line part of the
manufacturing process.

1.1.1. P-n junction

A pn junction is a junction formed by joining p-type and n-type semiconductors together.
This is the most basic semiconductor device and IC component. Due to its interesting
properties it is of great importance as a separate component (diode) or as a part of other
more complex devices (FETs, bipolar transistors).

Basic properties

Although both materials: p-type and n-type are relatively conductive, their junction
is non-conductive. This non-conductive layer exists around the junction because the
electrical charge carriers in n-type and p-type silicon (electron and holes respectively)
recombine with each other. This insulating layer is also called depletion zone or space
charge region (SCR). By application of external voltage one can manipulate the width
and insulating properties of SCR. As a result p-n junction has rectifying properties. It
conducts current under forward bias and blocks it under reverse bias. In the following
sections equilibrium, reverse and forward bias conditions will be reviewed to have the
reference for the later discussion of the laser illumination influence on the p-n junction
characteristics.

Zero, reverse and forward bias

In a p-n junction, without externally applied voltage, an equilibrium condition is reached
(see figure 1.2). In such a condition electrons near the p-n interface tend to diffuse into
the p-doped region. These electrons leave positively charged ions (donors) in the n-type
region. Similarly holes tend to diffuse to the n-type region leaving negatively charged
ions (acceptors) in the p-type region. As a result, the regions nearby the p-n interface
lose their neutrality and form so called space charge region (SCR) or depletion layer
(as they are depleted from free charges). The exposed, fixed charges in the SCR results
in a potential difference being formed across the junction. This potential difference is
called built-in potential Vbi. To summarize, there are two counterbalancing phenomena
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that establish the equilibrium: diffusion of electron and holes which is widening the SCR
and the electric field created by the SCR which in turn is counteracting the diffusion of
carriers.

Figure 1.2.: A pn junction in thermal equilibrium with zero bias voltage applied.

When p-type material is connected to the negative terminal of the battery and the
n-type material is connected to the positive terminal, the p-n junction is reverse biased
(see figure 1.3). Because p-doped material is connected to negative terminal the holes
are pulled away from the junction. The electrons in n-doped material are also pulled
away as the material is connected to the positive terminal. As a result the depletion
zone is extended. The greater is the reverse bias voltage, the wider get the SCR. Under
such a condition there are only vey few carriers that can surpass this barrier.

Figure 1.3.: A pn junction under reverse bias (negative external voltage).
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Forward bias occurs when the p-type semiconductor material is connected to the pos-
itive terminal of the battery while the n-type material is connected to the negative
terminal (see figure 1.4). Under such electrical condition the holes in the p-doped mate-
rial and electrons in n-doped material are pushed towards the junction what reduces the
depletion zone. This, in turn, lowers the potential barrier. The higher is the external
voltage the thinner gets the SCR. Eventually it is so thin that its electric field is not
strong enough to counteract the charge carrier motion across the p-n junction. The car-
riers which cross the p-n junction diffuse in the quasi-neutral region (QNR) where they
finally recombine. This minority carrier diffusion determines the amount of current that
may flow through the device. Although the injected minority carriers penetrate only a
very short distance (on the order of microns) the electric current flows uninterrupted
because the majority carriers begin to flow in the opposite direction. To summarize,
the macroscopic picture of the current flow through p-n junction diode involves major-
ity carriers flow towards the junction (electrons in the n-type martial and holes in the
p-type material), injection of some majority carriers through the p-n junction and the
recombination of the majority and minority carriers in the QNR.

Figure 1.4.: A pn junction under forward bias (positive external voltage).

Ideal-case Shockley model

The ideal-case Shockley model is based on four assumptions: (1) the abrupt depletion
zone approximation; (2) Boltzmann approximation in the depletion layer: (3) low injec-
tion; that is the injected minority carrier densities are small compared with the majority
carrier densities; (4) no generation and recombination in the SCR [Sze81].

Under these assumption the electron and hole current can be then expressed as:

Jp = −qDp
∂pn
∂x

. (1.1)
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Jn = −qDn
∂np
∂x

. (1.2)

On the edge of the SCR region these currents can be expressed as a function of diffusion
length (Lp and Ln) and diffusion coeficcient (Dp and Dn):

Jp = −qDp
∂pn
∂x

∣∣∣∣
xn

=
qDppno
Lp

(
eqV/kT − 1

)
. (1.3)

Jn = −qDn
∂np
∂x

∣∣∣∣
−xp

=
qDnnpo
Ln

(
eqV/kT − 1

)
. (1.4)

The total current is the sum of the electron and hole currents:

J = Jp + Jn = Js
(
eqV/kT − 1

)
. (1.5)

Js =
qDppno
Lp

+
qDnnpo
Ln

. (1.6)

Carrier densities were already shown in figures 1.2 - 1.4 for zero, reverse and forward
bias conditions. The minority-carrier densities are repeated in detail with the result-
ing hole/electron currents in part A and B of figure 1.5 for reverse and forward bias,
respectively.

Figure 1.5.: Minority carrier distributions and current densities for (A) reverse-biased
conditions and (B) forward-bias conditions.
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The Shockley equation adequately models the current-voltage characteristics of the Ge
p-n junctions. However, for Si p-n junction this model can only be used for qualitative
analysis. The departures from the ideal case are due to several reasons: (1) surface
effects, (2) generation-recombination of carriers in the depletion zone, (3) high injection
conditions, (4) series resistance effect, (5) breakdown due to large electric field. Ideal-
case and the real-case current-voltage characteristics are shown in figure 1.6.

Figure 1.6.: Current-voltage characteristics of silicon diode. (a) Generation-
recombination current region. (b) Diffusion current region. (c) High in-
jection region. (d) Series resistance effect. (e) Reverse leakage current due
to generation-recombination and surface effects. (After Moll, Ref. [Mol58]).

1.1.2. Metal Oxide Semiconductor Field Effect Transistor (MOSFET)

The metal-oxide-semiconductor field-effect transistor (MOSFET) is the most important
device in very-large-scale integrated (VLSI) circuits. Operation principle of field effect
transistor is based on field phenomenon, discovered in 1925 by Lilienfeld [Lil30]. The
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MOSFET is usually referred to as a unipolar device as its current is transported mainly
by the carriers of one polarity. The MOSFET basic structure is presented in figure 1.7.
The basic parameters of the MOSFET are channel length L, insulator thickness d, the
source (drain) junction depth rj and the substrate doping NA.

Figure 1.7.: Schematic diagram of a n-channel MOSFET.

Assuming that the source is at the reference potential, there are three different states
in a semiconductor under the gate that can be distinguished, depending on the gate
potential: accumulation, depletion and inversion. In the states of accumulation (negative
VG) or depletion (small positive VG), there is no significant current flowing, as the source-
to-drain electrodes correspond to two p-n junctions connected back to back. The only
current that can flow from the source to the drain in the two mentioned cases is the
reverse leakage current of one of those two junctions. When a sufficiently large positive
bias is applied to the gate of the transistor, the inversion layer is formed between the
drain and source regions. It is referred to as a channel. The n+ regions are then
connected by this conductive n-type layer through which a large current can flow. The
conductance of this channel can be modulated by varying the gate voltage. The back-
surface (substrate) contact can be at the reference potential or can be reverse-biased. In
the latter case it also modulates the conductance of the channel.

Assuming that substrate and source are at the reference potential, two ways of biasing
remaining electrodes are interesting: (a) drain is connected to reference potential (VDS =
0) and the gate is biased (VGS 6= 0), (b) drain and gate electrodes are biased (VDS 6= 0,
VGS 6= 0). Figure 1.8 shows the comparison of the charge distribution and energy-band
variation of this two cases for an inverted p region. For the equilibrium case, the surface
depletion region reaches the maximum width WM at the inversion. The surface potential
needed for inversion is given by:

ψ(inv) ∼= 2ψB. (1.7)

27



In the non-equlibrium case, when the voltage is applied to the drain, the depletion
layer width is a function of the drain bias VD, and the surface potential at the onset of
the strong inversion is given, to a good aproximation, by [Sze81]

ψ(inv) ∼= VD + 2ψB. (1.8)

Figure 1.8.: Comparison of charge distribution and energy band variation of an inverted
p region for (a) the equilibrium case and (b) the nonequilibrium case at the
drain. (After Grove and Fitzgerald, [Gro66]).

Operating regions

Let us assume that the gate voltage is above the threshold voltage and the channel is
formed. If a small voltage is applied to the drain of the device, a current will flow from
the source to the drain through the conducting channel. In such a condition channel acts
as a resistor and the current flowing through it is proportional to the voltage applied to
the drain. This mode of operation is called linear region and is shown in figure 1.9 (a).
As the drain voltage is increased, it eventually reaches a point at which the depletion
zone of the drain-substrate junction reduces the channel depth to zero, at the drain side.
This point is called pinch-off and is depicted in figure 1.9 (b). When the drain voltage
is further increased beyond so called VDSAT , the channel is shortened and the excessive
voltage drops on the pinched-off part of the channel, so that the voltage drop on the
effective channel remains the same. As a result, the drain current remains essentially the
same, except for the small modulation related to the effective channel length decrease.
This mode of operation is called saturation and is shown in the 1.9 (c).
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Figure 1.9.: (a) MOSFET operated in the linear region (low drain voltage). (b) MOS-
FET operated at the onset of saturation. (c) MOSFET operated beyond
saturation with the reduced effective channel length.

Threshold voltage

The threshold voltage VT of a MOSFET is defined as the gate voltage VGS for which
the band bending at the Si/SiO2 interface (ψS , in figure 1.8) reaches 2ψB. For a long
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channel device (L > 1µm) with substrate contact at reference potential (VBS = 0V), VT
is defined as:

VT = VFB + 2ψB +
√

2εSiqNA(2ψB)
COX

. (1.9)

where VFB - flat-band voltage, ψB - body potential, εSi - silicon permittivity, NA -
acceptor impurity density, COX - gate-oxide capacitance.

Basic characteristics

The basic equations describing the device behaviour in the most important modes of
operation are derived based on the following assumptions: (1) the gate structure corre-
sponds to the ideal MOS diode, (2) only drift current is considered, (3) constant carrier
mobility in the inversion layer, (4) uniform doping in the channel, (5) negligible reverse
leakage current, (6) the transverse field in the channel is much larger than the longitu-
dinal field [Sze81]. Under such assumptions the current of the n-type MOSFET can be
expressed as a function of the applied voltages (VDS and VGS), geometrical parameters
(effective channel length Leff and effective channel width Weff , gate-oxide thickness
dOX) and intrinsic parameters (electron mobility µn, silicon permittivity εSi, threshold
voltage VT ).

There are three basic regions of operation: (a) blocking region (cut-off and sub-
threshold) for VGS < VT , (b) linear region for VGS > VT and VDS < VGS − VT , (c)
saturation region for VGS > VT and VDS > VGS − VT . The drain current can be, to a
good approximation, expressed by the following equations.

In the blocking region:
ID ≈ 0. (1.10)

In the linear region:

ID ∼= µn
Weff

Leff

εOX
dOX

(
VGS − VT −

1
2
VDS

)
VDS . (1.11)

In the saturation region:

ID ∼=
1
2
µn
Weff

Leff

εOX
dOX

(VGS − VT )2 . (1.12)

The basic output IV characteristic of the idealized MOSFET are shown in figure 1.10.
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Figure 1.10.: Idealized MOSFET output characteristics. The dotted line indicates the
locus of the saturation drain voltage (VDSAT ).

1.2. Passive devices

Passive components are the components that can limit the flow of electrical current
(resistors) and store and release the energy (capacitors and inductors). The resistor is
the simplest of all and also mostly used one. Basic information about the resistors will
be presented in this section.

1.2.1. Resistor

The resistor is the simplest of the IC components. Its role is to limit and enable the
control of the current flow. The resistors can be fabricated in silicon and polysilicon
material. In state-of-the-art IC there are many levels of metallization necessary to inter-
connect all the components. The interconnecting wires are also resistors. In figure 1.11
all possible types of resistors present in ICs are shown schematically.

Figure 1.11.: Types of ressistors present in integrated circuits.
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The resistance of the resistor depends on the material properties (resistivity or con-
ductivity). If the resistor is manufactured using semiconductor material, the resistance
can be controlled by proper local doping of the material. The resistivity of the material
is also temperature dependent. Naturally, the resistance also depends on the geometri-
cal dimensions. For a given length, width, height and resistivity, the resistance can be
expressed by the following equation:

R = ρ
L

W ·H
. (1.13)

where L - length, W - width and H - height of the resistor block, as schematically
presented in figure 1.12.

Figure 1.12.: Schemtic of the resistor manufactured from the materual of the resistivity
ρ and dimensions W x H x L.

1.2.2. Themoelectric junction

In order to fabricate an integrated circuit one needs to create devices in silicon and
interconnect them using many layers of metallization. In the end, there are number of
interfaces of different materials. Some of these contacts have ohmic electrical behaviour
(i.e. vias), other have rectifying properties (i.e. p-n junctions). But there is also a
parasitic effect that may occur, regardless of the desired function. This parasitic effect
is called Seebeck effect. It is a phenomenon of voltage generation through tempera-
ture gradients across the junctions of materials characterized by different thermoelectric
properties. Because of this, otherwise undesired effect, a separate device type has been
defined, namely thermoelectric junction. However, it exists only, as mentioned above,
only under the presence of temperature gradients across these junctions of materials. As
this device type is strongly related to temperature variation, the details are covered in
the section 3, treating about the temperature influence on the device’s performance.
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2. Gaussian laser beam, basics of
microscope optics and interaction of
light with matter

2.1. Gaussian laser beam

A Gaussian beam laser is the simplest and most widely used type of laser. It is a laser
that emits the beam of electromagnetic radiation whose transverse electric field and
intensity (irradiance) distributions are described by Gaussian functions. Such a laser
operates on the lowest order, fundamental TEM00 transverse mode. The example of
flux density distribution is shown in figure 2.1.

Figure 2.1.: Gaussian irradiance distribution. (After Hecht [Hec02]).

Because the Gaussian beam trails off radially it is useful to define an arbitrary bound-
ary to its width. Such a boundary is called beam half width (w), the distance at which
the beam’s irradiance is I0/e

2. Most of the energy of the beam resides within the imag-
inary cylinder of the radius r=w. The intensity dependence on the distance from the
propagation axis is given by the following formula:

I = I0e
−2r2/w2

. (2.1)
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For a Gaussian beam propagating in free space in the z-direction, the spot size w(z)
will be at a minimum value w0 at one place along the beam axis, known as the beam
waist (see figure 2.2). For a beam of wavelength λ at a distance z along the beam from
the beam waist, the variation of the spot size is given by:

w(z) = w0

[
1 +

z2

z2
R

]
. (2.2)

where zR is known as Rayleigh range and is defined as:

zR =
πw2

0

λ
. (2.3)

Figure 2.2.: Gaussian beam width w(z) as a function of the axial distance z. w0 - beam
waist; zR - Rayleigh range; Θ - total angular spread. (After Hecht [Hec02]).

The power of the gaussian laser beam can be calculated by integrating the intensity
over radius and is given by:

Pr = P∞

[
1− exp

(
−2r2

w0

)]
. (2.4)

where:

P∞ =
πw2

0

2
I0. (2.5)
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The dependence of the power on the radius r is shown in figure 2.3. At the radius r=w
the power the beam starts to saturate indicating, what was already mentioned before,
that almost all the energy is included in the cylinder of the radius w.

Figure 2.3.: Intensity and power distribution of the gaussian laser beam.

2.2. Basics of microscope optics

One of the most important components of the microscope is an objective. It is very
important to mention here some basic characteristics of microscope objectives, as these
characteristics will be used later in this work for the analysis of laser interaction with
the devices.

Numerical aperture (NA)

Numerical aperture is the quantity that characterizes the ability of an objective to gather
the light reflected from the object being imaged. It can be expressed by the following
formula:

NA = nisinΘmax. (2.6)

where ni is the refractive index of the immersing medium adjacent to the objective
lens, and Θmax is the half-angle of the maximum cone of light picked up by that lens.
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Resolving power

Resolving power is the minimum transverse distance between two object points that can
be resolved in an image, and is varied directly as λ and inversely as the NA:

R = C
λ

NA
. (2.7)

where C is a constant dependent on the used criterion. For instance C = 0.61 when
Rayleigh criterion of resolution is used, or C = 0.5 when Sparrow criterion of resolution
is used.

2.3. Interaction of light with matter

Light - represented by a beam of photons - is absorbed in solids through a photoelec-
tric effect in which a photon interacts with an electron by giving its energy to this
electron (the energy of the photon is transferred to the electron during the collision).
There are three main types of absorption processes depending on whether the charges
are: (a) tightly bound (i.e. inner shell electrons or the lattice ions), (b) loosely bound
(i.e. outer shell electrons), (c) free (i.e. conduction band electrons in semiconductor
or metal) [Chi00]. The first group (a) represents the electrons tightly bound to their
orbital around the atomic nucleus and those involved in the bonding between the atoms.
These charges contribute to the optical dispersion at specific resonance frequencies. In
turn, the absorption by the interaction with loosely bound charges (b) occurs typically
from the inter-band transition processes (i.e. in semiconductors). The amount of this
absorption type increases with the number of electrons that can accept the transfer of
the energy from the photon as well as with the energy of the photon. The higher the
frequency (or the lower the wavelength of the incident light), the higher the absorption
from the inter-band transition processes. The last type of absorption refers to the free
carriers (c) present in materials and is called a free carrier absorption. These free carriers
can be i.e. the electrons in the conduction band of metal or semiconductor. However, in
some materials there can be free electrons that do not move completely independently
of the lattice structure. In the course of their motion they may interact with the lattice
(phonon). Such an electron to absorb a photon must make a transition to a higher en-
ergy state within the same energy band (so called intra-band transition). However, such
a transition requires additional interaction for the momentum conservation. In order to
do that the electron must either interact with a phonon or be scattered from ionized
impurities. Such a process may lead to the loss of the energy if it happens before the
charge re-radiates the light. In such a case the absorption occurs. The amount of these
free carrier absorption events (characterized by the free-absorption coefficient - αf ) in-
creases with the number of electrons and the square of the wavelength [Chi00]. This
means that the free carrier absorption is more significant for less energetic photons. The
classical formula for that type of absorption is given by the equation below [Pan71]:

αf =
Nq2λ2

8π2m∗nrc3τ
. (2.8)
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where N is the carrier concentration, q is the electronic charge, λ is the wavelength,
m∗ is the effective mass of the charge carrier, nr is the refractive index of the material,
c is speed of light and τ is the relaxation time.

2.3.1. Interaction of light with aluminium

The absorption of light in aluminium may occur by interaction with the conduction
band, L-shell and K-shell electrons. These electrons make transitions to higher energetic
levels and then give back the excessive energy to the lattice ions, thus absorption of the
light occurs. The complex refractive index for aluminium is shown in figure 2.4.

Figure 2.4.: The complex refractive index n(ω) + ik(ω) for aluminium. The curves for
n(ω) and k(ω) have a point of intersection at 15eV - the plasmon energy.
The onset of the L-shell absorption appears at the lower-right-hand corner.
(After Shiles [Shi80]).

The absorption spectrum for the crystalline aluminum is shown in figure 2.5. The 3
electron per atoms donated to the conduction band by the atomic 3s23p valence levels
give rise to the typical metallic absorption from zero to around 15eV, the plasmon
frequency ωp. In the crystalline samples this portion of the spectrum is dominated by
the intra-band transitions in the far infrared and by two strong inter-band absorptions
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Figure 2.5.: The extinction coefficient k(ω) - the imaginary part of the refractive index
for metallic aluminium at room temperature. (After Shiles [Shi80]).

at around 0.5eV (λ=2.5 µm) and 1.5eV (λ=0.8 µm). In this region of light frequency
the reflection coefficient (real part of the refraction index) is high and the absorption
coefficient (imaginary part of the refraction index) of the non-reflected light is also high.
The light does not penetrate deep into the material. Normally the absorption takes place
within the laser near the surface and not deeper than 10−8 − 10−7 m.

The term plasmon, mentioned above, is a collective excitation of quantized oscilla-
tions of the electrons in metal. The plasmon frequency is the natural frequency for the
collective motion of free electrons in a solid. When the frequency of the light is higher
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than the plasmon frequency the reflectance increases (figure 2.4) and the absorption
coefficient decreases exponentially. All non-reflected light can easily pass through. The
metal is transparent to such high-frequency radiation.

In addition, the absorption and reflection of light in metals depends highly on the
surface preparation (roughness, oxidation) and on the surface temperature. Proper
surface preparation can increase the reflectance factor R by several tenths of percents
(figure 2.6).

Figure 2.6.: Reflectance (R) of metallic aluminium at room temperature. (After Palik
[Pal85]).

2.3.2. Interaction of light with silicon

Silicon is a semiconductor material that possesses charges of all the three types men-
tioned in the beginning of this chapter. Therefore, the absorption spectrum of silicon
material exhibits the characteristics of all types of mentioned absorption processes as
shown. As a semiconductor, silicon shows a characteristic absorption edges correspond-
ing to the onset of the interband transitions. The exact wavelength of this absorption
edges depends on the type and doping of the silicon. Since the silicon is an indirect
semiconductor, there are two such absorption edges in the absorption spectrum, one
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related to indirect, phonon-assisted interband transitions and one related to direct in-
terband transitions. The indirect transitions result in the absorption edge at the lower
energy or lower wavelength radiation (1.1 eV), whereas the direct transitions results in
the absorption edge for higher energy or shorter wavelength radiation. Figure 2.7 (a)
and (b) shows the absorption spectra of crystalline silicon for various concentrations of
free electrons in n-type material and free-holes in p-type material, respectively.

Figure 2.7.: Optical absorption spectra of crystalline silicon at a temperature T=300K
for a) free electrons and b) free holes. (After Soref and Bennet [Sor87]).

For either doping type of the silicon, the absorption edge is observed at the photon
energy of about 1.1 eV, which corresponds to the indirect bandgap energy of the silicon.
The edge corresponding to direct transitions is not shown this figure as the spectrum is
only plotted until 2.8 eV while the direct bandgap energy of silicon is around 3.4 eV.
Additionally, the band diagram of silicon material is also shown in figure 2.8.

The absorption spectrum in the range of energies below 1.1 eV corresponds to intra-
band transitions. And there is a difference between n-type and p-type silicon in this
spectral regime. For n-type silicon an absorption band can be distinguished in the range
of photon energies between 0.25 and 0.82 eV. For lower photon energies (0.025 - 0.25
eV) the absorption coefficient shows λ2-dependence, typical for free-carrier absorption
(see equation 2.8). The p-type silicon does not show similar absorption band. Instead
it shows a λ2-dependence reasonably well for photon energies between 0.025 and 1 eV.
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Figure 2.8.: Optical transitions: (A) and (B) - direct transitions and (C) - phonon-
asssisted indirect transtions.

Given the absorption coefficient α and the sample thickness dSi, the intensity of the
transmitted light IT obeys the following empirical relation according to the Beer-Lambert
law (Ishii et al. [Ish94]; Kasap [Kas97]):

IT = (1− r) I0exp (−αdSi) . (2.9)

where r is the reflection coefficient of the silicon material, I0 is the intensity of the
incident light (not reflected) before it penetrates the sample, dSi is the thickness of the
sample, and α is the absorption coefficient of silicon material (which is wavelength and
doping concentration dependent).

Transmission factor is defined as:

T =
IT
I0

= (1− r) exp (−αdSi) . (2.10)

Doping concentration effect

The transmission of light through silicon is a strong function of the silicon doping concen-
tration, following the dependence of the absorption coefficient. For high concentration
of dopants in silicon, the transmission decreases drastically. The issue of highly doped
silicon material is getting more acute as device dimensions become smaller, due to the
fact that the substrate doping concentration has to be increased to minimise the short-
channel effects. The dependence of the transmission on the light wavelength for several
dopant concentration levels is shown in figure 2.9.
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Figure 2.9.: Near-infrared transmission through 625-µm-thick p-doped silicon of various
doping concentrations of (a) 1.5 x 1016 cm−3, (b) 33 x 1016 cm−3, (c) 120 x
1016 cm−3 and (d) 730 x 1016 cm−3 (After Barton et al. [Bar99b]).

Silicon thickness effect

The transmission of light through silicon material is also a strong function of the sample
thickness because of the interband absorption. The influence of the silicon thickness on
the transmission coefficient is shown in figure 2.10.

Figure 2.10.: Transmission coefficient of intrinisic silicon for various substrate or bulk
thicknesses (dSi) showing the effect of substrate thickness on the bandgap-
related or interband absorption (After Barton and Bernhard-Hoefer
[Bar99a]).
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For highly doped silicon samples (i.e. manufactured in recent technologies with short-
channel MOSFETs) it may be necessary to thin down the material in order to enable the
application of the laser stimulation technique from the backside, especially when shorter
wavelength laser beams are used (like the ones for the photoelectric LS).
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3. Temperature behaviour of relevant
physical phenomena and devices

A material properties are always a function of temperature. As a result, the perfor-
mance of the devices manufactured using certain materials will also be dependent on
temperature. In this chapter the influence of the temperature on the characteristics and
electrical behaviour of components presented in chapter 1 is discussed.

3.1. Resistor

As mentioned already in section 1.2.1, the resistivity of the material is temperature
dependent as the carrier collisional processes are dependent upon temperature. An
intuitive approach to temperature dependence leads one to expect a fractional change
in resistivity which is proportional to the temperature change:

∆ρ
ρ0

= α∆T. (3.1)

where α - temperature coefficient of resistivity (TCR), ρ0 - resistivity of the material
at standard temperature T0.

The formula for the resistivity at certain temperature as a function of the TCR and
the resistivity at standard temperature at T0 is the following:

ρ = ρ0 [1 + α (T − T0)] . (3.2)

Similar formula can be derived for the resistance R dependence on temperature:

R = R0 [1 + α (T − T0)] . (3.3)

where:

R0 = ρ0
L

W ·H
. (3.4)

3.2. Thermoelectric junction

Thermoelectric junction is a junction of materials characterized by different thermoelec-
tric properties. Such a junction, regardless of its desired electrical function, will act as
voltage generator under the presence of temperature gradients. This ability is called
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Seebeck effect (SE). Let us consider a piece of material - the ends of which are kept at
different temperatures (figure 3.1).

Figure 3.1.: Seebeck effect principle. (After Kasapi, [Kas06]).

Carriers in the warmer part will then have a higher kinetic energy than the carriers in
the colder part. Thus, a net diffusion toward the colder end will occur. Accumulation of
carriers in one end will result in an electric field. The diffusion will cease with increasing
field until it is high enough to prevent further net carrier motion. The generated voltage
gradient is called electromotive force (EMF) or Seebeck voltage. The ability of certain
material to produce voltages under the condition of temperature gradients is character-
ized by the Seebeck coefficient (or thermoelectric power). It is defined as the potential
difference developed per unit temperature difference:

S =
∂V

∂T
. (3.5)

where the sign of S represents the potential of the colder side with respect to the
warmer side.

The main SE application is in thermocouples. In general, when two different materials
form a junction and the sides of the junction are kept at different temperatures (i.e. as a
result of localized laser heating) EMF is generated across the junction (figure 3.2). This
force also called Seebeck voltage and is given by:

∆V = S12∆T = (S1 − S2) ∆T. (3.6)

where S1, S2 are thermoelectric powers of materials which form a junction and S12

is the relative thermoelectric power of these two materials. Seebeck coefficients taken
from various sources for some materials and relative Seebeck coefficients for junctions are
presented in table 3.2. SE is especially significant in case of material discontinuities in the
stimulated component. The strongest effect is produced through severe heat gradients
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as provided by a junction of materials having highly dissimilar Seebeck coefficients or
by defects providing heat barriers.

Figure 3.2.: Thermocouple effect.

Material or junction S [µV/K]
Al -3.5
Cu 6.5
W 3.6

Al/n+ Si 287
Al/p+ Si -202

Table 3.1.: Seebeck coefficients for several materials and junctions of materials. (After
Beaudion, [Bea04]; Lyman, [Lym61]).

3.3. P-n junction

The temperature dependence of the current-voltage characteristics of an ideal p-n junc-
tion may be best understood by considering the equations 1.5. In reverse direction |JR|
∝ JS . In forward direction |JF | ∝ JSe

qV/kT . Therefore, it is crucial to consider the
temperature effect on the saturation current density JS as expressed by the equation
1.6. It is enough to consider only one of the terms since their behaviour is the same. In
addition, if we assume one-sided p+n junction, where pno >> npo, the second term can
be neglected. The quantities Dp, pno and Lp (≡

√
Dpτp) are all temperature dependent.

Assuming that the term Dp / τp ∝ Tα where α is a constant:

Js ∼=
qDppno
Lp

∼= q

√
Dp

τp

n2
i

ND
. (3.7)

Js ∝
[
T 3exp

(
−Eg
kT

)]
Tα/2 = T (3+α/2)exp

(
−Eg
kT

)
. (3.8)

Compared with the exponential term, the term T (3+α/2) is not important and can be
neglected. Therefore, it is expected that in reverse direction the current will increase
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approximately as e−Eg/kT with temperature, while in forward direction the current will
increase approximately as e−(Eg−qV )/kT [Sze81].

For a real diode case, the generation and recombination current temperature depen-
dencies have to be taken into account for reverse and forward bias conditions respectively.
As diffusion current is proportional to n2

i while generation / recombination currents are
proportional to ni, the generation / recombination current contributes more at lower
temperatures. In addition, in forward bias condition the recombination current will
tend to dominate at low forward bias voltages.

As far as the silicon junction breakdown phenomenon is concerned, it may occur due
to tunnelling mechanism or avalanche multiplication mechanism, depending on the value
of the breakdown voltage. For breakdown voltages less than 4Eg/q the breakdown is
found to occur due to tunneling mechanism. For breakdown voltages higher than 6Eg/q
the breakdown mechanism is caused by avalanche multiplication. Both these mechanism
have different type of dependence on temperature. The tunelling effect is enhanced by
the temperature. As a result, the breakdown voltage due to tunneling mechanism has
a negative coefficient of temperature. On the contrary, avalanche multiplication has a
positive temperature coefficient.

In figure 3.3 one can see the temperature effect on the current-voltage characteristics
of a p-n junction.

Figure 3.3.: (A) Current-voltage characteristics of a diode having tunneling type of
reverse breakdown, at various temperatures (After Strutt, Ref. [Str66]).
(B) Temperature dependence of reverse I-V characteristic of a p-n junc-
tion exhibiting avalanche type of breakdown (After Goetzberger at al., Ref.
[Goe66]).
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Image A shows the influence of temperature on the forward current and breakdown
voltage of a diode exhibiting tunneling type of breakdown. Image B shows the influence
of the temperature on the reverse current of a p-n junction exhibiting avalanche type of
breakdown.

3.4. Metal Oxide Semiconductor Field Effect Transistor
(MOSFET)

Temperature affects device performance, especially through the influence on the mobility
and threshold voltage. The mobility decreases with temperature. The effective mobility
in inversion layer has T−a dependence. For temperatures above 300K at gate biases
corresponding to strong inversion a=-2 [Sab79]. Other sources report a=-3/2 and a=-1
in the temperature range from 218K - 398K [Les86]. The threshold voltage also decreases
with temperature as shown in figure 3.4.

Figure 3.4.: (a) Experimental measurement of the threshold voltage versus tempera-
ture. (b) dVT /dT of a Si−SiO2 system versus substrate doping with oxide
thickness as a parameter. (after Vadasz and Groove, [Vad66]; Wang et al.
[Wan71]).

48



Differentiating equations 1.11 and 1.12 with respect to temperature yields the follow-
ing proportions.

In linear region:

∂I

∂T
∝ (VGS − VT )

∂µ

∂T
− µ∂VT

∂T
. (3.9)

In saturation region:

∂I

∂T
∝ (VGS − VT )2 ∂µ

∂T
− (VGS − VT )µ

∂VT
∂T

. (3.10)

For low gate voltages the temperature dependence of the threshold voltage may domi-
nate and the drain current will increase with the temperature, as also presented in figure
3.5. However, for higher gate voltages the mobility temperature dependence becomes a
dominant factor and the drain current will decrease with temperature, as presented in
figure 3.6.

Figure 3.5.: Transfer characteristics for a long channel device (L=9µm) with temperature
as a parameter. (After Gaensslen et al., [Gae77]).
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Figure 3.6.: Transfer characteristics for a long channel device (L=10µm) with tempera-
ture as a parameter. (After Glowacki et al., [Glo07]).
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4. Laser scanning microscopy techniques

4.1. Overview

Laser scanning microscopy (LSM) is realized by combining a scanning optical microscope
(SOM) and a laser source. Laser beam is scanned over the device under test (DUT). In
the same time the electrical performance of the DUT is monitored. Variations introduced
by scanning laser beam are recorded and correlated with the laser position to form a
stimulation map.

4.2. Laser stimulation (LS)

Depending on the used laser light wavelength, the type of DUT (and materials it is made
of), operating condition of the DUT, and finally on the exact area (and material) of the
DUT that is illuminated, the LS may be photoelectric (PLS) and/or thermal (TLS). In
general, there are three basic materials that are used to fabricate integrated circuits:
semiconductors (mostly silicon), insulators (i.e. SiO2) and metals (Al, W, Cu). Oxides
are almost completely transparent to laser light used in LS. Therefore, they play no
role in LS. As far as metals are concerned, most of the incident light is reflected from
their surface. The exact amount of reflected light depends on the surface quality, as
already discussed in section 2.3. Almost all of the non-reflected light is absorbed at the
surface and converted to heat. The choice of the light wavelength is not very important
in case of metal LS. The stimulation is always thermal. Unlike in metals, in silicon the
stimulation can be thermal and/or photoelectric, depending on the wavelength chosen
for LS. As indicated in figure 4.1, if the laser beam has the energy higher than the silicon
bandgap energy it will generate electron-hole pairs and the stimulation will be mainly
photoelectric. In fact, the stimulation is also thermal, as a result of the absorption on
free carriers, but the PLS dominates. If the beam energy is lower than silicon bandgap
energy, the light will be transmitted through the material, with a portion being absorbed
on free carriers. Therefore, the stimulation is thermal. The exact amount of the absorbed
light depends on the doping concentration of the silicon material, as already discussed
in section 2.3 and also presented in figure 4.1.
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Figure 4.1.: Near-infrared transmission through p-doped silicon of various doping con-
centrations. Red dotted line indicates the 1.064 µm laser beam, whereas
blue dotted line indicates the 1.3 µm laser beam.

4.2.1. Thermal laser stimulation (TLS)

LS is thermal when an incident photon is absorbed by a free carrier, which later gives
back the energy to the material lattice, causing the temperature to increase. This is
always happening for metals. It is also happening when silicon is illuminated, but only
if the scanning laser beam is not energetic enough to generate the electron-hole pairs.

There are few most common TLS techniques that can be distinguished depending on
biasing/detection scheme. They are listed in the table 4.1.

TLS
tech-
nique

Full name Bias/detection Device analysis

OBIRCH Optical Beam
Induced Resistivity

Change

Constant voltage
/ Current
variation

Identifies areas of high
local resistance

TIVA Thermally Induced
Voltage Alteration

Constant current
/ Voltage
variation

Identifies areas of high
local resistance

SEI Seebeck Effect
Imaging

Zero current /
voltage variation

Identifies
thermoelectrically active

material interfaces

Table 4.1.: Thermal laser stimulation techniques.
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Optical Beam Induced Resistivity Change (OBIRCH) employs constant voltage bias-
ing and detects current changes as a result of local resistivity variations as introduced
by laser-related local heating. Thermally Induced Voltage Alteration (TIVA), in turn,
employs constant current biasing and detects voltage variations as introduced by laser-
related local heating. Seebeck Effect Imaging (SEI) is TIVA performed at zero current
bias, in order to only detect the voltage variations related to Seebeck effect.

4.2.2. Photoelectric laser stimulation (PLS)

LS is photoelectric when the incident light of a scanning laser beam generates electron-
hole pairs in the material. This can happen when semiconductor material is illuminated.
In today’s ICs silicon is the most commonly used semiconductor. In order for LS to
be photoelectric the energy of the light must be higher than the bandgap energy of
the material. The injected carriers can then locally affect (decrease) material resistance
(photoconductive effect) or can be separated by an electric field giving rise to the current
by delivering additional carriers (photovoltaic effect).

There are few PLS techniques depending on biasing/detection scheme. They are listed
in the table 4.2.

PLS
tech-
nique

Full name Bias/detection Device analysis

OBIC Optical Beam
Induced Current

Constant voltage /
Current variation

localizes p-n junctions

LIVA Light Induced
Voltage

Alteration

Constant current /
Voltage variation

Reads out signals sensitive
to logical state

Dynamic - Constant voltage Shift of rise/fall times of
FET to study delay

variations
OBIRCH,

SEI
- see table 4.1 for

details
treated as parasitic effects

by PLS

Table 4.2.: Photoelectric laser stimulation techniques.

4.2.3. Phase sensitive detection in LS

The signal detected by phase sensitive technique/instrument will be a product of not
only the amplitude of the analyzed signal by also its behaviour in the time/frequency
domain. It can also be applied to the detection of laser stimulation signals, for instance
by using dual-phase lock-in amplifier instrument. In general, such instrument can be
used to perform several actions like: AC signal recovery, phase measurement, noise
measurement, spectrum analysis. As far as LS is concerned, most usual application is
AC signal recovery - detection of very weak signal in the presence of overwhelming noise.
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In this work however, the lock-in amplifier has been used to detect phase information of
the LS signals.

Principle of lock-in detection in LS

First of all, the lock-in signal detection technique requires that the signal being detected
is at particular, fixed, reference frequency. Therefore, the excitation of the experiment
must be performed at a fixed frequency, ideally in a relatively quiet range of the noise
spectrum. The desired signal is then detected by the lock-in amplifier in a very narrow
bandwidth at the excitation frequency.

In LS experiment the excitation is performed by modulation of laser beam power at
known frequency. For that purpose, an pulse signal from pulse generator is used. The
same signal is used as a reference for the lock-in amplifier, to tell the instrument to
detect signals at this particular frequency. The response of the device to LS (in form
of electrical signal variation) follows the excitation frequency. However, this signal will
always be delayed in comparison to the reference signal. Such delay (phase shift) comes
from several factors: (a) LS system dynamics (b) device geometry and exact place of
laser stimulation (c) the dynamics of physical phenomena that lays behind the device
response to LS (light absorption, light-to-heat conversion, heat diffusion, etc.). The
delayed DUT response signal is detected by lock-in amplifier (amplitude and phase) and
is available for further signal processing and analysis.

4.3. Frontside and backside analysis

Technology advancements like flip-chip packaging and multi-level interconnection system
made the laser stimulation analysis from the frontside of the chip almost impossible, for
most applications. However, taking advantage of relative silicon transparency to a part
of the light spectrum (see figure 2.7 and 2.9) the LS analysis can be performed from the
chip backside. For laser light of energies very close to or below indirect silicon bandgap
energy, it may be required to thin down the bulk silicon material in order to increase the
amount of light transmitted through the substrate and available for stimulation. The
shorter the wavelength is and the higher the doping of the bulk silicon is, the thinner
silicon is required in order to be able to efficiently apply LS technique. Such an ultimate
silicon material removal from the chip backside can be performed using focused ion beam
(FIB) technique.

54



Part III.

Experimental setups and
measurement methods

55



In part II, in section 4, the basics of optical techniques most commonly used in FA
and being the subject of this work, were presented. This part discusses the setups and
measurement methods used to realize these techniques in practice. Chapter 5 will outline
the general laser stimulation setups and the modifications that were introduced to the
setups in this work. Further, it will discuss conventionally used measurement methods
and methods proposed in this work to detect and evaluate the desired signals.
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5. Laser stimulation (LS) setups and
measurement methods

In this chapter measurement setups necessary to perform all the types of LS-related
experiments will be introduced. The principles of setup operation and measurement
methodologies that goes in hand with these setups will also be described.

In section 5.1 basic LS setup will be shown, followed by the setup slightly modified to
directly observe and trace the stimulation signals on the screen of the digital oscilloscope.
In section 5.2 setups capable of detecting phase information in LS experiments are pre-
sented. In section 5.3 the setup for reference characterization of the device dynamics
during the LS experiment is presented. In the last section of this chapter, section 5.4,
the setup suitable for the timing characterization of LS system components is described.

5.1. Basic LS setup

The most basic setup necessary to perform LS experiment consists of components shown
in figure 5.1.

Figure 5.1.: Basic laser stimulation setup, DU: driving unit, DUT: device under test,
SMU: source-monitor unit, ACA: AC coupled amplifier, OL: objective lens,
STM: semi-transparrent mirror, LSM: laser scanning microscope.
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The device under test (DUT) is placed on the stage of the probe station (optionally
it can be placed on a temperature-controlled chuck, if measurements at various temper-
atures are the goal of the experiment). If the device is not packaged, probing the wafer
by means of proper needles and manipulators is performed. If the device is packaged
a proper fixture board is used instead. The device is then driven electrically from the
driving unit (DU). Before the LS experiment is started, the laser is focused on the device
surface and a reflected light image is taken in order to have the top-view image of the
DUT. Once the LS experiment is started, the laser is scanned over the device surface
by the laser scanning microscope (LSM). The scanned laser beam locally changes the
properties of the DUT materials (additional carriers injection or local heating). These
local material property variations locally change the electrical properties (increased car-
rier density or modified local resistivity). In turn, such local variations alter the global
electrical performance of the device which is monitored continuously during the analysis
on the device terminals by the monitoring unit (MU). The current or voltage variations
(depending on used biasing scheme) are further amplified by an AC coupled amplifier
(ACA) and correlated with the laser position. In such a manner, a power variation map
is created. Such a map reflects the sensitivity of DUT regions to LS. In the end, the LS
map can be superimposed on the previously acquired laser reflected light image in order
to be able to localize the parts of the circuitry sensitive to the laser stimulation. The
example of power variation map acquisition process is schematically shown in figure 5.2.

Figure 5.2.: Schematic of the LS power variation map acquisition process.
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Very often, in the experiments, there was a necessity to observe the shape of the
power variation profiles resulting from laser scanning beam stimulation. To accomplish
this, the signal on the output of the AC coupled amplifier was monitored using a digital
oscilloscope. In order to properly acquire specific profiles, the oscilloscope display had
to be synchronized with the laser scanner. To achieve this, X,Y (line and frame) signals
from LSM unit were used as a trigger. The modified setup, incorporating the digital
oscilloscope, is shown in figure 5.3.

Figure 5.3.: Basic laser stimulation setup with the digital oscilloscope for direct stim-
ulated signal inspection; DU: driving unit, DUT: device under test, SMU:
source-monitor unit, ACA: AC coupled amplifier, OL: objective lens, STM:
semi-transparrent mirror, LSM: laser scanning microscope.

5.2. Phase sensitive LS setup

As introduced briefly in section 4.2.3 and discussed later in the text in chapter 9, phase
sensitive detection can be used to: (a) improve the sensitivity of the detection method
(conventional approach) and (b) measure the phase shift between the excitation signal
and device response to this excitation. The setup suitable for such analysis includes a
dual-phase lock-in amplifier (DP-LIA) in the signal detection and amplification scheme.
It is presented in figure 5.4. There are two basic differences to the general LS setup: (a)
the dual-phase lock-in amplifier is inserted in the signal detection-amplification path after
the AC coupled amplifier, and (b) the experiment is excited at certain frequency. The
modulation is essential for proper phase sensitive detection in the lock-in amplifier unit.
In LS experiment the excitation is realized by modulation of the laser beam power at
certain frequency. External pulse generator (PG) is used to deliver the modulation signal.
Two lock-in amplifiers were used in experiments: (a) external dual-phase analog lock-
in amplifier from Stanford Research Systems and (b) internal digital lock-in amplifier
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manufactured by Hamamatsu Photonics, the manufacturer of the entire LS/PEM system
used in all experiments.

Figure 5.4.: Experimental setup for phase sensitive detection of LS signals - type 1 with
preamplification stage; DU: driving unit, DUT: device under test, SMU:
source-monitor unit, ACA: AC coupled amplifier, OL: objective lens, STM:
semi-transparrent mirror, LSM: laser scanning microscope, DP-LIA: dual-
phase lock-in amplifier, PG: pulse generator.

Figure 5.5.: Experimental setup for phase sensitive detection of LS signals - type 2 with-
out preamplification stage; DU: driving unit, DUT: device under test, OL:
objective lens, STM: semi-transparrent mirror, LSM: laser scanning micro-
scope, DP-LIA: dual-phase lock-in amplifier, PG: pulse generator
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In some cases, i.e. when the S/R ratio is significant optional setup can, and was
used in this work. In this setup the AC coupled amplifier and internal system signal
monitoring unit are not used. The power variation signal is directly fed into the lock-in
amplifier unit. Such an approach has the advantage of the results being independent on
the AC amplifier temporal delays. The setup is presented schematically in figure 5.5.

5.2.1. Phase dependence on excitation frequency

Dual-phase lock-in amplifier is capable of measuring the phase shift between the analysed
signal and the signal of reference. The phase shift and its sign depend on the frequency
of the reference signal and the temporal delay between the reference and analyzed signal.
The increase of the temporal delay and the increase of the reference frequency result in
the increase of the calculated phase shift. Once the phase shift reaches 180◦ it starts
to be calculated in reference to the other zero of the reference signal sine wave, with
the resulting numbers starting from -180◦. Every 180◦ (n·π) there is another phase
shift sign change. Simple simulation of the phase sign changes being a function of the
reference frequency and temporal delay has been performed. The equation describing
the successive phase sign changes is the following:

f =
n

2 ·Delay
(5.1)

where n is the number of the phase sign change. The results of the simulation are pre-
sented in figure 5.6.

Figure 5.6.: Subsequent phase shift sign changes as a function of the reference signal
frequency and the delay between the input and reference signal.
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For proper phase analysis one needs to be aware of the aforementioned relation between
the phase and reference frequency and temporal delay, and carefully adjust the reference
frequency to the delays that are expected to occur in the experiment.

5.3. Setup for characterization of device dynamics in LS

In order to gain introductory knowledge about the LS dynamics of IC components, the
LS timing was evaluated in a square pulse laser excitation experiment. The setup suitable
for the measurement of a DUT timing in dynamic LS is shown in figure 5.7. The laser
beam power was modulated from the pulse generator (PG). In order to measure pure,
material-related, geometry-independent timing of the DUT response to LS, the laser
scanner needed to be operated in a point-scan mode. The laser beam was positioned
over selected position above the device and modulated by the signal delivered by the
PG. The DUT electrical response was then detected, amplified and displayed on the
screen of the digital oscilloscope. In order to obtain stable waveforms and characterize
the timing, the signal from the PG (the same as used for experiment excitation) was
used as a trigger for the digital oscilloscope.

Figure 5.7.: Experimental setup for the characterization of the DUT dynamic charac-
teristics in laser stimulation. Option with premplification. DU: driving
unit, DUT: device under test, SMU: source-monitor unit, ACA: AC coupled
amplifier, OL: objective lens, STM: semi-transparrent mirror, LSM: laser
scanning microscope, PG: pulse generator.

Another setup can also be used to characterize the DUT dynamics in LS (see figure
5.8). The modification in comparison to the previous setup is the lack of amplification
stage in the signal detection path. The signal from the device is directly fed into digital
oscilloscope input. The disadvantage of this approach is that it only works for very strong
signals, while the advantage is the independency on the amplifier timing characteristics.
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Figure 5.8.: Experimental setup for the characterization of the DUT dynamic charac-
teristics in laser stimulation. Option without premplification. DUT: device
under test, OL: objective lens, STM: semi-transparrent mirror, LSM: laser
scanning microscope, PG: pulse generator

Using either setup, after the DUT signal is properly displayed on the screen of the
oscilloscope, the timing characteristics need to be extracted. Response time tR and delay
tD have been defined as shown in figure 5.9. Response time is defined as the time interval
between the 10% and 90% of the DUT response to the modulated laser excitation, while
the delay is defined as time interval between the leading edge of the modulation signal
and the 50% level of the DUT response.

Figure 5.9.: Definition of the response time tR and delay tD.

It would be recommended to use the setup presented in figure 5.8 but, unfortunately, it
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is rarely possible, as there is no amplification in this setup. The TLS signals are usually
very weak and need to be amplified. There are very few cases when one can observe TLS
signals without the amplification. Therefore, in most cases, setup pictured in figure 5.7
was used in experiments. However, using it, has the disadvantage of the results being
also affected by the preamplifier properties. The amplifier does its job amplifying the
signals but there is also an unwanted influence. Namely, it degrades the LS dynamics by
introducing its own delays. It should also be mentioned here that there is also another
system component which have impact on the net LS dynamics, namely the laser diode
and the control electronics of this diode.

Quantitative characterization of the dynamics of LS system components will help to
correct the results obtained using setup presented in 5.7. In the next section two setups
are described, one to estimate the amplifier dynamics, another one to perform the same
for the laser diode and its electronics.

5.4. Setup for characterization of LS system dynamics

5.4.1. Laser diode delay measurement setup

The setup required to measure the dynamic behavior of the laser diode and its electronics
is presented in figure 5.10.

Figure 5.10.: Schematics of the setup for the estimation of laser diode and its electron-
ics dynamics. LSM: laser scanning microscope, STM: semi-transparrent
mirror, OL: objective lens, PG: pulse generator
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In addition to the components of the system that are the subject of the characteriza-
tion, it consists of pulse generator (PG), infra-red light receiver and digital oscilloscope.
At first, the light receiver is placed under the optical microscope. The microscope ob-
jective is focused on the surface of the receiver’s detector. The LSM is operated in the
point-scan mode. The laser beam power is then modulated with the PG signal. The
modulation signal from PG and the light receiver output signal are monitored on the
screen of the oscilloscope and the desired dynamic characteristics are measured using
definitions described in figure 5.9.

Two light receivers have been used in this experiment, for comparison. Basic charac-
teristics are shown in table 5.1.

Photoreceiver Bandwidth Conversion factor
Analog Devices 200 Hz - 30 MHz unknown
Tektronix SA-42 DC - 7 GHz 25 µW/mV @ λ = 1300 nm

Table 5.1.: Basic characteristics of the employed light receivers.

The results of this characterization are presented in section 9.2.

5.4.2. Integrated AC amplifier delay measurement setup

The setup required to measure the dynamic behavior of the amplifier unit is presented
in figure 5.11.

Figure 5.11.: Schematics of the setup for the estimation of AC amplifier unit dynamics.
PG: pulse generator, SMU: source-monitor unit ACA: AC coupled amplifier

It consists of pulse generator (PG), load resistor and digital oscilloscope. The pulse
from PG is fed to input of the amplifier unit and the oscilloscope. The pulse rise and
fall times were set to available minimum - 65 ns. The pulse amplitude are set to a
value assuring no saturation on the output of the amplifier. The amplifier output is
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also monitored on the screen of the oscilloscope. The dynamic parameters are measured
using the definitions presented in figure 5.9. The results of this characterization are
presented in section 9.2.

5.5. Delay extraction methodology

Once the phase shift is measured using setups presented in section 5.2 it can be used
as a basis for the calculation of the dynamic characteristic in the time domain, namely
delay. A simple method of transforming a phase into a delay is shown in figure 5.12.

Figure 5.12.: Delay extraction method.
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Part IV.

Devices and sample preparation
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6. Devices

6.1. Basic technological parameters

Most of the devices and test structures used in this work were manufactured in 0.65 µm
technology by Infineon Technologies AG. The most basic parameters of this technology
are: oxide thickness of 15 nm and nominal supply voltage of 5 V. One of the test
structures used in this work, namely via chain test structure, was manufactured in 90
nm technology by AMD Saxony. The nominal voltage for this technology was 1.2 V.
All of the terminals for all devices were accessible so it was possible to monitor every
signal of interest. The basic parameters and characteristics have been measured for each
particular device in order to choose properly functioning ones for further experiments.

6.2. Devices and dimensions

Following devices were used throughout this work:

• Metallic (Al) interconnects manufactured in 0.65 µm technology. The width of the
metal wires was variable: 0.55, 0.9, 2, 4, 8, 10 µm.

• Polysilicon resistors connected to measurement pads by aluminium interconnec-
tions, manufactured in 0.65 µm technology. The number of contact vias connecting
the aluminium interconnect and polysilicon layer was equal to 4. The dimensions
of single contact was 0.7 µm x 0.7 µm. The width of the polysilicon layer was
constant and equal to 4 µm. The length of the polysilicon layer was variable: 8
µm, 16 µm, 32 µm, 64 µm. The resistance values, depending on the length of
polysilicon layer were: 200 Ω, 400 Ω, 800 Ω and 1600 Ω. Resistors were deposited
on thick oxide. The test structures had no dummy structures.

• P/n junction manufactured in 0.65 µm technology. P+n junction have been used.
P+ diffusion region was contacted using an area-type electrode while n-well was
contacted using finger-type electrode.

• MOSFETs manufactured in 0.65 µm technology. Channel width was constant
for all devices and equal to 10 µm. Transistors of various channel lengths were
used, namely: 0.7 µm, 1.8 µm, 2 µm, 10 µm. Gate oxide thickness was 15 nm
and nominal voltage was 5V. All the devices had common source, common well
connections and separate terminals for gate and drain. The gate had an integrated
protection structure.
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• Via chains (located in 9-metal-layer Cu metallization stack, connecting all neigh-
bouring metal layers, i.e. via1 - a chain of vias between metal layer 1 and 2, via2
- a chain of vias between metal layer 2 and 3, and so on. Unused regions of the
stack were filled with dummy structures to ensure mechanical stability.)
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7. Sample preparation

7.1. Sample preparation for frontside analysis

For the LS analysis from chip frontside the following sample preparation has been per-
formed. The wafer has been cut to contain single test modules which have been then
glued into 24-pin dual inline packages. Next, the desired devices have been bonded. The
example of bonded device module is shown in figure 7.1. In the same figure the test
fixture used to connect the packaged device to the LS system is shown.

Figure 7.1.: Device bonded in the dual inline package and mounted in the test fixture.

7.2. Sample preparation for backside analysis

For the LS analysis from chip backside the following sample preparation has been per-
formed. The wafer has been cut to contain single test modules which then have been
glued into 256-pin SBGA packages, bonded and encapsulated. Next, the package has
been opened from the backside to get access to the backside of the chip die. As the
devices were manufactured in the old 0.65 µm technology characterized by low substrate
doping concentration, no thinning down of the silicon substrate was necessary. The ex-
ample of bonded device module is shown in figure 7.2. In the same figure the test fixture
used to connect the packaged device to the LS system is shown.
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Figure 7.2.: Device bonded in the 256-pin SBGA package and mounted in the test fixture.
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Part V.

Measurements, device modelling and
verification in laser stimulation (LS)
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As presented in section 4.2, laser stimulation locally modifies material properties re-
sulting in the modulation of the device’s electrical performance. Such a device under
laser illumination can be modelled as a separate device, with its own unique behaviour.
Chapter 8 covers the laser stimulation measurements of basic IC components, modelling
the device behaviour under laser illumination and verification of these models. First,
LS measurement results for passive components are be shown, including such devices
like metal and polisilicon resistors, as well as thermoelectric junctions. Following this,
the LS measurements of active devices are shown, including p-n junction and field effect
transistor (FET).

Laser stimulation of microelectronic components is not an immediate process. A
time is needed for a device to respond to LS and for the setup to properly detect this
response. The analysis of the device (circuit) dynamics by LS may deliver additional,
valuable information about the device performance. In order to analyze the dynamics
of the device’s response to LS, the phase sensitive detection was applied. This was
practically realized by using a dual-phase lock-in amplifier unit inserted in the detection
scheme.

The same analysis approach can be very helpful in managing another problem of today
and future FA of VLSI integrated circuits. In the presence of many metallization stacks
in devices manufactured in state-of-the-art technologies it is sometimes very difficult to
precisely isolate the failure or device anomaly without deprocessing and thus killing the
device’s natural functionality. The phase sensitive detection assisted LS may deliver
additional information about 3-D localization of devices, device defects and anomalies
in ICs.

The results of the phase sensitive detected LS effects are the content of chapter 9.
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8. Static laser stimulation

8.1. Metallic interconnect

The simplest component of an IC is a metallic interconnect. Regardless of the laser
beam wavelength, the only effect is the absorption of the light at the metal surface and
the conversion to heat, as pictured in figure 8.1.

Figure 8.1.: Schematic of the LS of the metallic interconnect.

The heat diffuses into the volume of an interconnect and changes locally its resistivity
according to the equation 3.2. This results in local resistance change (∆R). Any changes
in the resistance have their effect in the voltage/current of the interconnect. These
voltage/current variations are monitored while scanning the laser beam. For most metals
the temperature coefficient of resistivity (TCR) is positive and the resistivity increases
with temperature. This results in current decrease in constant voltage condition (or
voltage increase under constant current). The example of OBIRCH image taken at
constant voltage bias (current variations are monitored) is presented in figure 8.2.

The interconnect structure chosen here has regions with two different diameters to
show the influence of locally different resistance on the laser induced current variation.
In places where the local resistance is higher (diameter d1) the resulting OBIRCH signal
(current change due to resistance variation) is stronger. A similar effect occurs when a
defect in the current path increases local resistance (crack, void, etc.).
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Figure 8.2.: (A) Interconnect schematic, (B) reflected light micrograph and (C) OBIRCH
image. Interconnect has regions with two different diameters: d1 and d2.

From figure 8.2 as well as from equations 2 and 3 it is also clear that the OBIRCH
technique can be used for current path tracking.

8.2. Polysilicon interconnect

When an interconnect is made of polysilicon material then both photoelectric and ther-
mal effects may occur depending on the laser beam wavelength and the biasing condition.
Laser beam of two different wavelengths, 1.064 µm and 1.3 µm, have been used to stim-
ulate the polysilicon resistor. The device was biased with constant voltage ranging from
0-10V. The results are presented in figure 8.3.

When the metal areas of the resistor structure are illuminated by either of the laser
beams, only thermal effects occur. When the polysilicon part is illuminated, the stimu-
lation effect depends on the laser light wavelength. When using 1.3 µm laser beam, most
of the light is transmitted through the thin polySi as it does not have sufficient energy
to generate e-h pairs. A little amount of light is absorbed by free carriers. As a result,
the temperature is locally elevated and the resistance is increased (OBIRCH). The 1.064
µm laser beam, in turn, has enough energy to produce e-h pairs. When no external field
is applied the e-h pairs are not separated (they locally recombine) and are not collected
in the external monitoring circuitry. As a result, there is no visible photoelectric effect.
The situation is different when external electric field is applied. In such a case, e-h pairs
are separated via this field (photocurrent) resulting in the current increase.
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Figure 8.3.: 1.3 µm (thermal) and 1.064 µm (thermal and photoelectric) laser stimulation
of polysilicon resistor. Dark and bright contrasts signify the current decrease
and increase respectively. Grey contrast (background) signifies no current
change.

8.3. Thermoelectric junction

The Seebeck Effect (SE) is very weak within the same material. It may be very efficient
when the junction of materials having highly dissimilar Seebeck coefficients is formed (as
in thermocouples - refer also to chapter II) or when severe heat gradients are produced as
provided i.e. by defects. A metal-polysilicon junction has been chosen to study in detail
the thermoelectric SE related signals and also to learn more about the combination of
SE related signals and resistance variation related signals when current is driven through
the structure.

8.3.1. Experimental results

Our investigation of thermoelectric junctions has been using metal-polysilicon interfaces
because of high relative Seebeck coefficients. The investigation has been performed on
test structures consisting of low-ohmic polysilicon resistors (4 µm width, different lengths
thus different resistances). Figure 8.4 shows a schematic of the structure.
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Figure 8.4.: Polysilicon resistor schematic

Both current and voltage mode biasing has been used. First, the amplifier with a DC
current biasing scheme and voltage monitoring has been used. The images taken for
several bias currents are shown in figure 8.5.
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Figure 8.5.: TLS images for constant current mode and different bias currents. Other
parameters and settings: scanning time 1s/image, scan direction perpendic-
ular to device orientation.
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Values of currents and voltage drops are also displayed there. The contrasts in the
images represent current changes so that the dark contrast indicates the current decrease
while the bright contrast indicates the current increase. Several facts can be concluded
from this set of images. First of all, the most apparent effect of non-zero biasing is the
asymmetry of dark/bright SE-related contrasts. This asymmetry is an effect of resistance
change and was investigated in detail. It should be also mentioned that the SE signals
which are clearly visible in zero bias condition are not completely masked by signals
produced by the resistance change (OBIRCH) when the device is biased. They are just
added to these signals (compensated or enhanced). An additional observation is that for
higher resistance devices the SE evidence in the shape of two opposite polarity contrasts
is visible even at higher bias voltages. For the 1.6kΩ resistor it is visible up to 10 V and
even beyond it.

The presented images serve only as a qualitative source of information. To obtain
reliable data which can fully characterize the influence of biasing on the asymmetry
of the stimulated SE signals, quantitative measurements have been performed. The
amplifier output signal has been recalculated to the real value of current (voltage) change.
Examples of oscilloscope plots of the amplified TLS signal profiles are shown in figure
8.6.

All the measurements have been performed at the same level of laser power. A small
systematic uncertainty of the TLS induced signal level originates in minimum variations
of the laser focus level that produce a slightly varying laser beam intensity on the surface
of the device.

Figure 8.6.: TLS signal profile along the resistor for R = 400 and several bias currents:
2.5mA, 5mA, 7.5mA, 10mA and 0V, 1V, 2V, 3V, 4V voltage drops respec-
tively. Other parameters: scanning time 1s/image.

The maximum voltage and current variations have been measured for constant cur-
rent and constant voltage biasing schemes respectively, with the laser positioned at the
contacts. The results for constant current biasing are shown in figure 8.7 and 8.8.

79



Figure 8.7.: Voltage change measured for all investigated devices as a function of DC
bias current.

Figure 8.8.: Voltage change measured for all investigated devices as a function of the
voltage drops calculated for the used bias currents.

For zero bias condition, the measured voltage variation is directly related to generated
electromotive force (Seebeck Effect). From equation 3.6 it is clear that the generated
potential gradient is proportional to the relative Seebeck coefficient of two materials
forming the junction and to the temperature difference across the junction. Contacts
are identical for all the DUTs. The devices just differ in the length of the polysilicon
line. For all the measurements laser power on the surface of the metal was kept constant
and equal to around 2.25 mW, when focused properly. The reason for such power was
to avoid saturation of the amplifier output. The same power means that the generated
Seebeck voltages should be the same for each of the studied components. These voltages,
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for studied DUTs, were measured and recalculated taking into account amplifier’s gain.
They can be read from figure 8.7 and are equal to approximately 1.7 mV .

A linear dependence between voltage change and current bias is observed (figure 8.7),
with a little focus level uncertainty in mind. Here it is also meaningful to note that
the positive/negative signal pairs shift in parallel. The voltage change vs. calculated
voltage drop on the device under test (for constant current bias) is presented in figure
8.8. Again, zero bias electromotive forces (EMFs) due to Seebeck effect at metal-polySi
interfaces are clearly visible, the signal pair is at the same amplitude in both signs and
they shift in parallel when external bias is applied.

The constant voltage biasing scheme was also used to check its ability to detect SE
evidences in comparison to constant current biasing scheme. Images are not shown since
they look similarly to the ones already presented in figure 8.5. Current change is mea-
sured in the equivalent way, and is presented as function of voltage bias, as well as a
function of current flowing through the DUT in a static condition (figures 8.9 and 8.10
respectively).

The conclusions that can be drawn from the graphs support the previous results. For
constant voltage bias and current monitoring, the resistance of the device plays signif-
icant role. It can be clearly seen for zero bias condition that the level of the current
change depends strongly on device resistance. Also the slope of the characteristics de-
pends on the resistance. The shift of signal pairs with bias is similar as in previous results.

Figure 8.9.: Current change measured for all investigated devices over bias voltage (DC
voltage biasing scheme).
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Figure 8.10.: Current change measured for all investigated devices as function of the
current flowing through the resistor at constant voltage (DC voltage biasing
scheme).

8.3.2. Modelling and discussion

For the two effects of TLS on the devices (resistance change as a result of resistivity
change - as in OBIRCH technique, and the thermoelectric effect as in SEI technique) a
circuit model has been designed and measurements simulated. Two simplified circuits as
shown in figure 8.11 have been used for the simulation - a configuration of integrated bias
source and the effect of the laser interaction with the DUT for both operating modes.

Figure 8.11.: A - Constant current biasing configuration plus TLS effect on DUT; B -
Constant voltage biasing configuration plus TLS effect on DUT.
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DC current biasing

For constant current biasing, voltage variation is monitored. This voltage change is given
by the following theoretical expression:

∆VDCI = VTLS − VNO−TLS . (8.1)

∆VDCI = −VS + I0(R+ ∆R)− I0R. (8.2)

∆VDCI = −VS + I0∆R. (8.3)

It can be additionally transformed to show the dependence on the voltage drop under
constant current bias.

∆VDCI = −VS +
V

R
∆R. (8.4)

DC voltage biasing

For constant voltage biasing, current variation is monitored. This current change is
given by the following theoretical expression:

∆IDCV = ITLS − INO−TLS . (8.5)

∆IDCV =
V0 + VS
R+ ∆R

− V0

R
. (8.6)

∆IDCV =
VS

R+ ∆R
− ∆R
R(R+ ∆R)

V0. (8.7)

It can be additionally transformed to show the dependence on the current flowing under
constant voltage bias:

∆IDCV =
VS

R+ ∆R
− ∆R

(R+ ∆R)
I. (8.8)

In all equations two terms can be distinguished. One is related to the thermoelectric
effect (the term that includes VS) and another to resistance change (∆R). For constant
current biasing it can be additionally noticed that the voltage change (∆VDCI) does not
depend on the resistance of DUT (R). This is the reason for the behaviour of V=f(I)
dependence in figure 8.7. While monitoring voltage change, the result is independent
of the resistance of the device, which is obviously an advantage. With constant voltage
biasing, the monitored current (∆IDCV ) is always dependent on the resistance of DUT
(R). However, the part which relates directly to the electromotive force generation (VS)
and is independent of the applied bias can also be distinguished. This term can be called
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Seebeck Effect (SE) current. Pure SE current flows when zero voltage is applied to the
device and it depends on the resistance of its path. This is a reason for the behaviour
observed in figure 8.9 and 8.10 - SE currents for zero bias condition decrease when DUT
resistance (R) increases.

Equations 8.3, 8.4, 8.7 and 8.8 can now be used as a model to simulate obtained results.
A simple pictorial explanation of the model behavior for resistance (R) as a parameter
is shown in figure 8.12. When biasing current, the resistance (R) does not influence the
voltage change (∆VDCI) and resistance change (∆R) changes the slope of the character-
istics. When biasing voltage, resistance (R) is responsible for both zero-bias current level
and the slope of the characteristics, while bias is applied. The resistance change (∆R)
has a similar additional effect but is neglected in figure 8.12 to show the pure influence
of resistance (R)(by assuming (∆R) to be constant). Another interesting observation is
that for voltage biasing, current change (∆IDCV ) produced by thermoelectric effect is
compensated by a resistance change (∆R)-induced current variation always at the same
driving current. This effect can also be noticed when studying carefully the set of TLS
images presented in figure 8.5. The similarity of simulated results in figure 8.12 to the
measurement results presented in figures 8.7 - 8.10 is also obvious.

Figure 8.12.: Voltage change and current change as a function of bias current and voltage
based on model equations.
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In general, there are three parameters and two variables in the presented equations.
Parameters are: R, VS and ∆R. Resistances (R) of DUTs are known. Seebeck voltages
(VS) and resistance changes (∆R) could be calculated with the estimation of the temper-
ature change due to TLS and the knowledge of Seebeck coefficients, thermal coefficients
of resistance as well as previous measurements and available publications. But instead
of this we used values of voltage changes measured for current biasing method and zero
current bias condition. As far as the resistance change is concerned it was found by
fitting the measurement values with equations for ∆R and VS kept constant. The ob-
tained numbers are: VS = 1.7 mV and ∆R = 0.145Ω . The simulation results obtained
for these parameters are shown in figure 8.13. The measurements follow simulations very
well taking into account the focus uncertainty.

Figure 8.13.: A) ∆V as a function of the current (constant current bias). Curves simu-
lated with equation 8.3 for constant R, VS and ∆R. B) ∆V as a function of
voltage drop (constant current bias). Curves simulated with equation 8.4
for constant R, VS and ∆R. C) ∆I as a function voltage (constant voltage
bias). Curves simulated with equation 8.7 for constant R, VS and ∆R.
D) ∆I as a function of driving current (constant voltage bias). Curves
simulated with equation 8.8 for constant R, VS and ∆R.
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8.3.3. Summary

For final understanding of the TLS of the thermoelectric junction, the influence of the
two contributing effects (Seebeck Effect and resistance change) on the IV characteristic
of such a junction is shown in figure 8.14.

Figure 8.14.: Illustration of the influence of TLS on I/V characteristics of passive ther-
moelectric devices by two separate effects: Seebeck effect and OBIRCH.

The solid black line is the initial IV characteristic of the thermoelectric junction with-
out laser illumination. The dashed lines represent the IV characteristics for laser posi-
tioned over one of the contacts of the device. When the laser is over the left contact then
the generated thermo-voltage shifts the characteristic to the left (red arrow) - what cor-
responds to the positive SE current. When the laser is over the right contact, situation
is the opposite as the generated thermo-voltage has the same polarity as the external
voltage bias. In addition, in both cases there is a change of the IV characteristic slope
due to the resistance change of the illuminated position (contact). Having the IV char-
acteristics for cases with and without laser stimulation and assuming that the voltage
source is ideal one can, for a particular voltage, read the current change as a difference
between the two characteristics in the Y-axis (white and dark arrows). At some voltage
the positive SE related current change is compensated by negative resistance variation
related current and from this point on, the effective induced current change is negative
for the LS at both contacts.
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8.4. P-n junction

The next step after the stimulation of passive devices is the understanding of effects
of both available lasers on the most basic active semiconductor device - namely p-n
junction. The LS analysis has been performed from both frontside and backside of the
DUT. The top view of the employed diode is shown in figure 8.15.

Figure 8.15.: Reflected light micrograph of the diode structure.

The p+ area is contacted with the area electrode while n-well is contacted with long
finger-type electrode (electrodes are marked by red rectangles in figure 8.15). The results
are presented separately for the backside and front-side analysis.

8.4.1. Photoelectric and thermal LS effects in a p-n junction

Depending on the laser beam wavelength and the area of stimulation, the electrical
performance of the p-n junction can be affected in different ways. In general, when the
laser illuminates metal parts, there is only thermal stimulation independent of the laser
wavelength. Heat diffuses from the original place of generation to the active p-n junction
area and affects current generation mechanisms. The ideal-case Shockley equation (see
equation 1.5) of the p-n junction would have the following form under TLS:

J = Js
(
eqV/k(T+∆T ) − 1

)
. (8.9)

where ∆T is the temperature change introduced by laser illumination. The saturation
current is also a function of temperature, Js = f (T + ∆T ).

It will be shown that the effect of LS-related local temperature variation on the IV
characteristics is as shown schematically in figure 8.16, what is in agreement with the
global temperature influence on IV characteristics as presented in figure 3.3, in section
3.3.

In cases when the laser illuminates silicon parts of the diode e-h pairs are generated
when the laser light photons are energetic enough (1.064 µm case). The ideal-case
Shockley equation (see equation 1.5) of the p-n junction would have the following form
under photoelectric laser stimulation,
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Figure 8.16.: Temperature dependence of the IV characteristic of the p-n junction.

under forward bias:

JF = Js
(
eq(V−Up,n)/kT − 1

)
− Iph +

Up,n
Rp,n −∆Rp,n

. (8.10)

under reverse bias:

JR = Js − Iph. (8.11)

where Iph is a photocurrent injected by local PLS in the SCR of the p-n junction
or within the diffusion length from SCR, the term Up,n/ (Rp,n −∆Rp,n) is the current
change caused by the resistance variation of p- and n-type regions of a strongly forward-
biased p-n junction (photoconductive effect).
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The IV characteristic of the p-n junction illuminated by laser beam of the energy
higher than Eg is shown in figure 8.17. In addition the minority carrier distributions for
several operating conditions are shown in figure 8.18.

Figure 8.17.: Photoelectric laser stimulation of p-n junction and its impact on the IV
characteristics.

When p-n junction is reverse-biased the SCR is very wide. E-h pairs generated in
SCR are separated by the built-in potential and constitute the photocurrent Iph. This
corresponds to case A indicated in figures 8.17 and 8.18. Iph does not change significantly
as long as the junction is reverse-biased. Case B indicates a zero-bias situation. When
the p-n junction is not illuminated, there is no current flowing. Once the laser is shined
on the p-n junction, Iph starts to flow. When the device is forward-biased the SCR
width starts to decrease and, as most of carriers are generated there, the Iph is also
reduced. For small forward bias conditions (case C) the current of the non-illuminated
p-n junction is positive but becomes negative when the device is illuminated.

In case D, the generated photocurrent compensates the positive current of the non-
illuminated p-n junction, so that no current flows through the device under laser illu-
mination. Case E and F illustrate a situation of the forward-biased p-n junction when
the SCR is very narrow, and Iph is small. At some point, indicated by blue dot in figure
8.17, the SCR becomes so insignificant that the Iph is negligible. In the same time the
so far negligible resistances of the p- and n-type regions start to play significant role.
The voltage drop on these regions cannot be neglected anymore. The resistance of these
regions gets reduced under the illumination (so called photoconductive effect) what re-
sults in the current increase.
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Figure 8.18.: Minority carrier distributions for p-n junction in several operating condi-
tions, without and with laser illumination (Eph > Eg).
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If the laser light has the energy lower than the silicon bandgap energy (as it is in the
case of 1.3 µm) then there should be no direct e-h pair generation.

In some cases it may happen that the stimulation of the p-n junction is photoelectric
and thermal in the same time. It is the case, for instance, when a laser (Eph > Eg)
is illuminating through the chip backside. First the light is passing through the silicon
(photoelectric effect) and in the end is reaching the metal electrodes where some of the
light is absorbed (thermal effect). Depending on the biasing condition, the contribution
of both effects varies.

In the following sections the results of frontside and backside LS will be presented and
discussed.

8.4.2. Frontside LS

A schematic representation of laser stimulation from the chip frontside is presented in
figure 8.19.

Figure 8.19.: Schematical presentation of the p-n junction frontside LS.

When the laser is scanned over the metal areas, some light is reflected and the rest is
absorbed and converted into heat. Heat diffuses to the active p-n junction and modu-
lates the current generation mechanisms. When the laser illuminates silicon, e-h pairs
may be generated if the photons have enough energy. However, from the frontside some
parts of the p-n junction are completely masked by the metal parts.

The OBIC images obtained by 1.064 µm laser stimulation at 50x magnification are
presented in figure 8.20. The same set of images for 1.3 µm laser stimulation (thermal
effects + parasitic OBIC) is presented in figure 8.21.
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Figure 8.20.: Frontside 1.064 µm laser stimulation images taken at 50x magnification.

When the diode is reverse-biased the only visible effect of stimulation with 1.064 µm
laser beam is the current generation in the areas where the p-n junction is exposed
(bright contrast in the images - current increase). E-h pairs are generated and separated
at the junction what results in current increase (region A in fig. 8.17). For low forward
bias the situation is analogue but less e-h pairs are generated due to reduced SCR width.
The other difference is that the generated current is now in opposition to the current
flowing through the diode, so the contrast in the image is negative - current decrease
(region C,D,E in fig. 8.17). In both these cases thermally induced current variations due
to heating on metal parts cannot be detected because of very high device impedance in
these operation modes. When the p-n junction is forward-biased and the applied voltage
is high enough to reduce the SCR to the negligible level, the photoconductive effects in
p- and n-type regions starts to play the role. The injection of carriers in these regions
results in resistance decrease and thus current increase (part of the IV characteristic
above the point marked by blue dot in figure 8.17). In this mode of operation thermally
induced (in metal) current changes cannot be distinguished because they are small in
comparison to the photoelectrically induced currents.

When 1.3 µm laser beam is used for the stimulation from the frontside (figure 8.21),
and when the p-n junction is reverse biased, the same behaviour is observed as for the
1.064 µm laser beam. However, the signals are orders of magnitude weaker. This was
an unexpected result as the 1.3 µm laser should not directly generate any e-h pairs.
It is simply not energetic enough. Nevertheless, some current is generated but the
exact mechanism is not yet identified. The possible candidates are: phonon-assisted
e-h generation, thermal generation of carriers or the unidentified side mode in the laser
spectrum. For low forward bias voltages, the situation is similar but the polarity of
signals is opposite. When higher voltage is applied and significant current starts to flow
through the device the thermal effects become dominant. When the laser is scanned over
metal parts the light is absorbed and converted to heat. Heat diffuses to the p-n junction
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area of the diode. As a result the current increases (see temperature dependence of IV
curve of the diode - figure 8.16). When the voltage is further increased and very high
current flows through the device, regular OBIRCH signal can be also distinguished in
the metal interconnect of the p+ electrode (dark contrast - current decrease).

Figure 8.21.: Frontside 1.3 µm laser stimulation images taken at 50x magnification.

8.4.3. Backside LS

A schematic representation of laser stimulation from the chip backside is presented in
figure 8.22.

Figure 8.22.: Backside laser stimulation schematic.

In such a case, the laser light always passes first through silicon before is reaches the
metal parts. As a result, no p-n junction areas are masked. In addition, part of the light
gets reflected from the bottom surfaces of the metal components and passes the silicon
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for a second time, so that the areas below metal get stimulated twice.

The OBIC images obtained by 1.064 µm laser stimulation at 50x magnification are
presented in figure 8.23. The same set of images for 1.3 µm laser stimulation (thermal
effects + parasitic OBIC) is presented in figure 8.24.

Figure 8.23.: Backside 1.064 µm laser stimulation images taken at 50x magnification.

Figure 8.24.: Backside 1.3 µm laser stimulation images taken at 50x magnification.

In the case of backside stimulation with 1.064 µm laser beam the situation is similar
to the frontside case. The only difference is that p-n junction areas, normally (from
the frontside) below the metal parts, are now entirely exposed to the laser light. As a
result, light is passing twice through them because some of the light is reflected form
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the bottom surfaces of the metal parts. That is why the photoelectric effect is stronger
while performing LS at these areas.

For 1.3 µm backside LS the situation is also similar to the frontside analysis. The
only difference is, again, that the areas previously masked by metal electrodes are now
entirely exposed, what results in the generation of higher current. This is visible only
for reverse bias and small forward bias voltages as for higher voltages thermal effects
are orders of magnitude stronger than weak, at this particular wavelength, photoelectric
effects.

8.5. Oversized field effect transistor (FET)

When stimulating the field-effect transistor with the laser beam, the number of effects
can take place depending on the laser beam wavelength and the stimulation area [Bra06].
In fact, all the cases of stimulation presented thus far exist in a FET when illuminated
by scanning laser beam. Further in this section, the schematic overview of the FET laser
stimulation is presented. In the main part of the section the results of the stimulation
at the wavelengths: 1.064 µm and 1.3 µm are presented for front- and backside ap-
proaches. As the photoelectric effects are negligibly small when using 1.3 µm laser beam
and thermal effects are still significant at 1.064 µm laser beam, first the 1.3 µm laser
stimulation is presented. The presentation of results for an oversized device is followed
by the presentation of the results for scaled-down devices.

8.5.1. Introduction

For better understanding of the LS of FET by 1.3 µm laser beam, it is beneficial to
shortly remind the temperature dependence of the transistor electrical performance.
The temperature influence on the transfer IV characteristic was shown in figure 3.6 in
section 3.4. A temperature increase in the channel results in a mobility change as well
as in a threshold voltage change [Boi04]. Both, threshold voltage and carrier mobility
decrease as the temperature is increased. At low gate voltages (in the sub-threshold
region and for slightly higher voltages - up to about 1.1V for the analyzed transistor)
the dominant effect is the temperature dependence of VT resulting in current increase. At
higher gate voltages the temperature dependence of the mobility becomes the dominant
factor. Thus the current decreases as the temperature is elevated.

It has been shown that the region most sensitive to the temperature variation is the
channel of a transistor [Boi04]. But the channel cannot be effectively heated by direct
laser beam illumination due to low doping of the channel area. The channel is heated
indirectly through the heat diffusion from neighbouring regions as indicated in figure
8.25.

An oversized nMOS transistor having an active area of 10x10 µm2 has been used for
the investigation in the first place in order to get as much lateral resolution of the effects
as possible (fig. 8.26).
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Figure 8.25.: Light absorption positions and heat diffusion for 1.3 µm laser stimulation
[Boi04].

Figure 8.26.: Transistor reflected light top-view image where: D - drain, S - source, W -
well and G - gate of the FET.
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8.5.2. 1.3 µm wavelength laser stimulation

Frontside LS

The 1.3 µm LS was performed from the frontside for different bias conditions in order
to analyze and understand the stimulation for all the possible working modes of the
transistor. The results are shown in figure 8.27.

Figure 8.27.: 1.3 µm laser stimulation images taken from the frontside at various bias
conditions.

There are four types of signals observed depending on the applied bias voltages. The
images representing these cases are marked in figure 8.27 by red rectangles.

First type is for Vg=0V and all drain voltages. For both gate and drain voltages at
zero volts there are only very weak signals due to the carrier generation at the drain-well
junction. These carriers are separated by the built-in potential of this junction. Similar
current variation map is obtained at higher drain voltages. The signal is stronger because
drain-well junction is now reverse-biased and more e-h pairs get separated.

Second type is for Vd=0V and gate voltages higher than the threshold voltage. When
the gate voltage is increased above the threshold voltage the inversion layer is formed
in the channel and the resistance of the channel drops. The thermovoltages (Seebeck
Effect) generated at the contacts can now be effectively transferred to the terminals
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and the resistance variations can be detected via current monitoring. At zero voltage
on the drain terminal the Seebeck effect related signals are not disturbed by resistance-
variation-related signals because no significant DC current flows through the channel.
Once the voltage at the drain is elevated, higher current flows through the channel.

Third type of images is when Vg is higher than threshold voltage but still below the
compensation point voltage (1.1V, marked in figure 3.6) with the Vd>0V. Under such
conditions the thermally stimulated current change is positive (threshold voltage driven).
This signal however adds to the Seebeck effect-related currents. The results shown here
suggest that on the drain contact the negative Seebeck effect-related contrast is partially
compensated by this positive current while on the source contact they add together.

Fourth type of images is for the gate voltage higher than the voltage of the compen-
sation point and for Vd>0V. Under such conditions current variation is carrier mobility
driven and this change is negative. These signals add again with the Seebeck effect-
related signals. However, carrier mobility-driven current variations are very high and
completely mask Seebeck effect-related currents.

The detailed laser induced current variation map for a transistor biased with Vg=Vd=5V
is shown in figure 8.28.

Figure 8.28.: FET reflected light image (left) and the TLS image taken at Vd=Vg=5V
(right) from the frontside.

The profiles of the TLS signal along the laser scanning direction indicated by the red
arrow in figure 8.28 are presented in figure 8.29.

From the profiles and images it can be read that the best heating of the transistor
channel is when the laser is scanned over the drain/source interconnects close to the
channel (the shortest heat diffusion length). The heating efficiency, when scanning over
polysilicon gate is few times lower. The maximum TLS signal (current change) has been
measured for various gate and drain voltages. The results are shown in figure 8.30.

The dependence of the induced current change on the bias condition follows exactly
the type of dependence known from regular output characteristics of MOSFET.

98



Figure 8.29.: TLS signal profile (current change) for frontside analysis.

Figure 8.30.: The dependence of the maximum induced current change on the bias con-
dition (frontside).

99



Backside LS

The 1.3 µm LS was also performed from the chip backside for various bias conditions.
The results are shown in figure 8.31.

Figure 8.31.: 1.3 µm laser stimulation images taken from the backside at various bias
conditions.

The explanation of the images is very similar to the frontside analysis case. The main
differences are, (a) part of the laser light is now absorbed in the silicon bulk resulting
in smaller current variations, and (b) the areas previously masked by the metal parts
for the frontside analysis are now exposed to the laser irradiation. The detailed laser
induced current variation map for a transistor biased with Vg=Vd=5V is shown in figure
8.32. The profiles of the TLS signal along the laser scanning direction indicated with the
red arrow in figure 8.32 are presented in figure 8.33. The visible difference in comparison
to the profiles for the frontside LS (figure 8.29) is that the n+ diffusion regions of drain
and source are more sharply localized as they are not masked by metal interconnects.
The maximum TLS signal (current change) is when stimulating at the drain and source
contacts, close to the channel. This maximum TLS signal has been measured for various
gate and drain voltages. The results are shown in figure 8.34.
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Figure 8.32.: FET reflected light image (left) and the TLS image taken at Vd=Vg=5V
(right) from the backside.

Figure 8.33.: TLS signal profile (current change) for backside analysis.
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Figure 8.34.: The dependence of the maximum induced current change on the bias con-
dition (backside).

Comparison of the frontside and backside TLS

To emphasize the differences between the frontside and backside approaches the TLS
profiles plotted in the same graph are presented in figure 8.35. The TLS signal in the
polySi gate is almost the same for both approaches. It can be assumed that the only
difference comes from the absorption of the light in the silicon bulk for the backside
approach. The difference in induced current change between the front- and backside
cases when scanning the laser over metal interconnects is significant and cannot be
only linked to the absorption of light in the bulk. The most probable reason is that
the absorbing properties of the backside surface of metal interconnects are different in
comparison to the frontside case.

8.5.3. 1.064 µm wavelength laser stimulation

When the transistor is scanned with 1.064 µm laser beam such effects like light to heat
conversion and e-h pair generation occur depending on the part of the transistor being
illuminated. In addition, the situation varies depending on whether the stimulation is
performed from the chip frontside or backside. For the frontside case active regions
of the device are partially masked by interconnects whereas from the backside they are
completely exposed. The illustration of the stimulation from the chip front- and backside
is presented in figures 8.36 and 8.37 respectively.

The principle of TLS by 1.064 µm laser beam is the same as the 1.3 µm laser beam
stimulation. In places where the beam reaches the silicon parts like channel and diffu-
sions areas, e-h pairs are generated. If these pairs get separated, device performance will
be affected by additional current. The best separation efficiency occurs in the proximity
of drain junction which is biased in reverse direction. In the case of backside stimulation

102



Figure 8.35.: TLS signal profile (current change) for frontside and backside analysis (at
Vd=Vg=5V)

Figure 8.36.: MOSFET frontside laser stimulation schematic

(see figure 8.37) all active regions are exposed. Drain junction is then entirely accessible
for the laser beam. Nevertheless, the modulation of the transistor performance is always
a mixture of thermal and photoelectric effects, regardless of whether the device is stim-
ulated from the front- or backside. Contribution of each of these effects to the effective

103



stimulation depends on the area of stimulation and also on the FET bias condition.

Figure 8.37.: MOSFET backside laser stimulation schematic.

The set of images for several bias conditions taken for the frontside and backside LS
is presented in figure 8.38.

Figure 8.38.: 1.064 µm frontside and backside laser stimulation images for several bias
conditions.
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The scanning direction has been as indicated by arrow 2 in figure 8.38. The profiles
of the current change measured along the direction indicated by arrow 1 are shown in
figure 8.39 for both frontside and backside stimulation for several drain voltages at a
constant gate voltage of 5V.

Figure 8.39.: Profiles of current change induced by 1.064 µm laser beam for scanning
direction along the metal interconnects, for front- and backside stimulation.

While scanning over metal areas (source/drain interconnects) the current variation
is comes from thermal effects. It is stronger for the frontside because of three factors.
First is the absorption of the light in the bulk silicon for the stimulation from the
backside, second is the worse light absorption in the backside metal surfaces and finally,
there is also a compensation from the positive photoelectrically induced currents. While
scanning the laser over silicon areas strong PLS dominates, especially in the proximity of
the drain junction. Thermal effects cannot be distinguished anywhere over the channel
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of the device. At higher drain voltages the contribution of TLS signal significantly
increases. To better understand the dependence of the LS signals on the bias condition,
the maximum positive signal (at the drain junction) and the signal in the middle of the
gate (channel) have been measured for several drain and gate voltages, for both front-
and backside stimulation. The results are presented in figures 8.40 - 8.43.

Figure 8.40.: Current change by the 1.064 µm laser beam positioned at the drain junction
of MOSFET for the frontside analysis.

Figure 8.41.: Current change by the 1.064 µm laser beam positioned at the middle of
the MOSFET gate for the frontside analysis.
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Figure 8.42.: Current change by the 1.064 µm laser beam positioned at the drain junction
of MOSFET for the backside analysis.

Figure 8.43.: Current change by the 1.064 µm laser beam positioned at the middle of
the MOSFET gate for the backside analysis.

One can notice that as the gate voltage increases to around 2-3V the characteristics
shift upwards. For higher voltages however, there is a disturbance of this tendency
and the characteristics start to shift downwards. This effect is caused by the thermally
induced current coming from the partial heating of metal areas when laser is scanned
over them, and from the light absorption in polysilicon gate and subsequent thermal
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diffusion to the channel. This current change is negative and partially compensates
positive PLS current. In the next section a method has been proposed to extract pure
PLS in a MOSFET.

8.5.4. Distinction of photoelectric and thermal effects by 1.064 µm LS

To extract pure PLS signal from the mixture of photoelectric and thermal signals by
1.064 µm stimulation, the results of the 1.3 µm laser stimulation were used as reference
for the estimation of thermal effects induced by 1.064 µm LS. The estimated data have
been subtracted from the measured data for 1.064 µm LS (combination of PLS and TLS)
as shown in the equation in figure 8.45. Thus, contribution of pure PLS signal could be
obtained as shown in figure 8.46 and 8.47.

The strength of the TLS signals differs for the two lasers due to following factors: dif-
ferent power, different dimensions of the beam spot, and different absorption properties
in silicon, polysilicon and metal. The beam spot dimensions can be neglected as it does
not differ significantly from 1.064 µm to 1.3 µm laser. All other factors have to be taken
into account and appropriate adjustment needs to be performed in order to estimate the
proper level of TLS related current change signals by 1.064 µm LS. All required factors
have been estimated (calculated) as shown in figure 8.44.

Figure 8.44.: Conversion factors estimation methodology.

On the left side one can see 1.064 µm laser beam induced current change profiles from
the frontside and backside. On the right side one can see the same for the 1.3 µm LS.
The factor correcting for the absorption of the light in the metal was found simply by
comparing the induced currents by two lasers in the metal for the frontside case (where
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the current change is purely thermally induced). To find the difference in the absorption
in the bulk Si the following has been performed. Stimulation data from both front- and
backside for both lasers are available. The difference in the stimulation between front-
and backside approaches directly correlates to the absorption in the bulk. Therefore, the
difference represents the amount of absorbed light. The same procedure can be applied
to the 1.3 µm LS data. Doing so one obtain the numbers representing the amount of
light absorbed in the bulk for both lasers. It is then easy to calculate the factor that
is needed to correct for the absorption in the bulk Si. The same factor is then used for
correcting for the absorption in the gate polysilicon. All the numbers are presented in
figure 8.45.

Figure 8.45.: Pure 1.064 µm PLS extraction methodology principle and estimated
factors.

The 1.3 µm LS data is corrected using the proper conversion factor, depending on the
area of stimulation. In such a way, the data related to thermal effects by 1.064 µm can
be obtained. This data is then subtracted from the measurement data (combination of
PLS and TLS). Thus contribution of pure PLS is obtained.

Figures 8.46 and 8.47 show examples of 1.064 µm TLS profile estimation and the
pure PLS profile extraction for Vg=Vd=5V, for both front- and backside stimulation
respectively.

The same procedure has been repeated for several drain and gate voltages. The
maximum extracted PLS signal (at the drain junction) and the extracted PLS signal
with the laser positioned at the middle of the gate were plotted as a function of Vd for
several Vg values. These results are presented in figures 8.48 - 8.51 for frontside and
backside LS.

The nature of the pure photoelectric contribution by 1.064 µm LS of a FET will be
explained on the basis of frontside LS at the drain end of the FET, as presented in figure
8.52.
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Figure 8.46.: Estimation of TLS signal by 1.064 µm LS and extraction of pure PLS, for
frontside analysis.

Figure 8.47.: Estimation of TLS signal by 1.064 µm LS and extraction of pure PLS, for
backside analysis.
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Figure 8.48.: PLS current change by the 1.064 µm laser beam positioned at the drain
junction for frontside analysis.

Figure 8.49.: PLS current change by the 1.064 µm laser beam positioned at the middle
of the gate, for frontside analysis.
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Figure 8.50.: PLS current change by the 1.064 µm laser beam positioned at the drain
junction for backside analysis.

Figure 8.51.: PLS current change by the 1.064 µm laser beam positioned at the middle
of the gate, for backside analysis.
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Figure 8.52.: Pure PLS current change induced by the stimulation at the drain end of
the FET.

Two contributing currents can be distinguished. There is a constant photocurrent
generated at the drain/substrate junction and, in addition to it, there is FET operation
dependent photocurrent. This current originates from the e-h generated in the channel
region of FET. These carriers behave as all the other carriers in the channel, thus the
FET photocurrent is gate voltage and drain voltage dependent and two kind of slopes
can be distinguished as in the FET output characteristic: linear and saturation. In the
saturation region, the FET photocurrent is not constant when illuminating the region
close to the drain/substrate junction. The small drain voltage dependence may come
from the expansion of the SCR region and more effective separation of e-h pairs. When
the laser is scanned over the region in the middle of the gate, the FET photocurrent is
almost constant when the transistor is biased in the saturation as the SCR region do
not reach so far and does not enhance the e-h separation.
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8.6. Influence of the device scaling on the LS effects

In this section the results of the LS from the chip frontside and backside will be presented
for devices characterized by a shorter channel. The evolution of signal pattern for various
bias conditions will be presented as well. First the frontside approach will be explained,
as the results are easier to interpret. Next, the differences by the backside approach will
be discussed.

Devices of four channel lengths have been chosen for this analysis: (a) 2µm, (b) 1.8µm,
(c) 1µm and (d) 0.7µm. The channel width was always 10µm. Devices a, c and d were
used for the frontside LS anylsis whereas for the backside analysis approach device a
was replaced by device b. The LS analysis results of the devices a and b are presented
and described in detail, whereas the results of the other two devices are be included in
an appendix A. In addition, all the devices will be compared in a seperate section.

8.6.1. Frontside LS

1.064 µm LS

In figure 8.53 the 1.064 µm frontside LS results for 2µm channel length MOSFET are
presented for various bias conditions to be able to trace the evolution of signal contri-
butions as the bias condition is changed. For better understanding and orientation the
small profiles for each bias condition are also provided in figure 8.54.

Figure 8.53.: 1.064 µm frontside LS images for various bias conditions for a MOSFET
with the channel length L = 2µm
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Figure 8.54.: 1.064 µm frontside LS profiles for various bias conditions for a MOSFET
with the channel length L = 2µm. Small images show LS signal intensity
as a function of the position over a MOSFET (Source → Gate → Drain).

There are three types of current variation maps that can be distinguished. First group
is when the gate voltage is biased zero volts and the drain voltage is from 0V up to 5V. As
the gate voltage is zero the inversion layer is not formed and the channel is closed. The
resistance of the device is very high so the only effect of the stimulation that is visible is
the current generation due to e-h pair separation. When drain voltage is increased, the
SCR of the drain-to-substrate junction is widened. As a result, more and more e-h pair
gets separated increasing slightly the positive LS signal. The Seebeck voltage related
currents are too small to be detected due to the high resistance. Threshold voltage and
mobility temperature dependence have no influence as no significant DC current flow
through the channel.
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The second group is when the drain voltage is biased zero and the gate voltage is
increased from zero up to 5V. As the gate voltage is increased the inversion layer is
formed and the channel opens. Therefore, in addition to the positive PLS signal in
the channel it is possible to measure the current variations due to Seebeck effect-related
voltage generation on the metal-to-n+ diffusion interfaces. The greater is the gate voltage
the smaller is the resistance of the channel and the greater is the current change due to
Seebeck effect. The VT and mobility temperature dependence still have no observable
effect as still no DC current flows through the channel.

The third and last group of results is for both terminals biased higher than zero. When
larger voltages are applied to the drain and gate terminals, the higher current flows
through the channel and the VT and mobility temperature dependencies influences this
current. In most bias conditions the mobility temperature dependence is a dominant
factor and the current is decreasing when scanning the laser over metal parts of the
device. As the profiles included in figure 8.54 are only for rough orientation, some
profiles have been grouped and repeated in figures 8.55 and 8.56 in better resolution.

The maximum signal (LS over the channel) and two minimum signals (TLS over the
drain and source interconnects) have been plotted as a function of bias voltages following
the method presented in section 8.5. This is shown in figure 8.57.

The two minima are the pure TLS signals and they depend on the current that is
flowing through the device. Therefore, the dependence of these signals on the bias
condition is the same as the dependence known from the output characteristics of the
MOSFET. The positive maximum signal is the combination of the PLS signal, produced
by the separation of e-h pair in the channel, TLS due to partial heating of interconnects
and TLS via absorption of light in the polysilicon gate. For the gate voltage at zero
volts the stimulation is purely photoelectric. As the gate voltage is increased and the
current flows through the channel, the net signal is decreased because of additional
thermal stimulation. For some bias condition the thermal stimulation is stronger as the
photoelectric stimulation and the net signal is negative (see figure 8.57 A).
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Figure 8.55.: 1.064 µm frontside LS profiles for VD = 5V and various gate voltages for a
MOSFET with the channel length L = 2µm.

Figure 8.56.: 1.064 µm frontside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 2µm.
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Figure 8.57.: Frontside, 1.064 µm LS profiles of a MOSFET with channel length of 2
µm for various bias conditions: a) maximum, b) left minimum (source), c)
right minimum (drain).
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1.3 µm LS

Next, the results of 1.3 µm frontside LS will be presented. In figure 8.58 - 8.62 the
results for 2 m MOSFET are presented. In figure 8.58 the current variation maps for
several bias conditions are presented to show how the TLS signals evolve while changing
the bias condition. For a better insight, the profiles acquired as shown in the chapter
8.5 are presented in figure 8.59.

Figure 8.58.: 1.3 µm frontside LS images for various bias conditions for a MOSFET with
the channel length L = 2µm.

Here, the results can be divided into four groups. First group is for the gate voltage
biased zero volts. In such a condition the channel is not formed and the only current
variation is due to photocurrent. For a 1.3 µm LS ideally there should be no current
generation as the laser is not energetic enough. However, in some cases there were
very faint signals at the edges of the junction, possibly the results of some junction
imperfections. The second group is for the drain voltage biased zero volts. As the gate
voltage is increased the channel opens and resistance of the channel decreases. Thus,
the small currents due to Seebeck effect voltage generation can be detected. They get
stronger as the gate voltage is increased. In this condition there is no contribution
from the carrier mobility and threshold voltage temperature dependencies as no DC
current flows through the device. The third group is when the gate and drain voltage
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are higher than zero volts but the gate voltage is still lower than the compensation
point gate indicated in figure 3.6 In such a condition the threshold voltage temperature
dependence is a dominant thermal effect and the current change is positive. The fourth,
and last group is when the gate voltage is higher than compensation point voltage and
the LS-related current change is negative as the carrier mobility temperature dependence
becomes the dominant effect.

Figure 8.59.: 1.3 µm frontside LS profiles for various bias conditions for a MOSFET with
the channel length L = 2µm. Small images show LS signal intensity as a
function of the position over a MOSFET (Source → Gate → Drain).
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In figure 8.60 the profiles for various gate voltages and constant drain voltage (5V)
have been grouped together to show the pure influence of the gate voltage variation.
Figure 8.61, in turn, shows the pure influence of the drain voltage on the LS profiles.

Figure 8.60.: 1.3 µm frontside LS profiles for VD = 5V and various gate voltages for a
MOSFET with the channel length L = 2µm.

Figure 8.61.: 1.3 µm frontside LS profiles for VG = 5V and various drain voltages for a
MOSFET with the channel length L = 2µm.
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As described in chapter 8.5 the LS signal levels at three characteristic positions have
been read out of the profiles and plotted as a function of the gate and drain voltages.
These plots are shown in figure 8.62. As the stimulation is purely thermal at this
wavelength, all three positions (at drain, source and gate) show the same dependence
on the bias condition.

Figure 8.62.: Frontside, 1.3 µm LS profiles of a MOSFET with channel length of 2 µm for
various bias conditions: a) maximum, b) left minimum (source), c) right
minimum (drain).

The same sets of results for the frontside 1.064 µm and 1.3 µm laser stimulation of
the other two transistors (samples c and d) are catalogued in the appendix A.
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8.6.2. Backside LS

In this section the results of LS from chip backside are covered for a 1.8 µm transistor. As
first, the results of 1.064 µm LS are presented. Then the same set of results is repeated
for 1.3 µm LS case.

1.064 µm LS

In figure 8.63 one can study the set of current variation maps obtained by backside 1.064
µm LS of a 1.8µm channel length MOSFET operated in various conditions.

Figure 8.63.: 1.064 µm backside LS images for various bias conditions for a MOSFET
with the channel length L = 1.8 µm.

There are following differences in comparison to the LS from the frontside: a) all
the active areas of the device are exposed to the laser irradiation, b) the focus is made
on the plane including the contact between the metal and n+ diffusions instead of the
surface of metallic interconnections; c) the light gets reflected from the bottom surface
of the metal interconnections and passes twice through the silicon. Because of a) the
drain-to-substrate junction is exposed to laser illumination and the full junction is now
contributing to the LS signal. Because of b) the LS on the contacts between the metal
and the n+ diffusions is strong and the LS on the drain and source interconnection is
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weak. Because of c) the PLS in the silicon areas under the metal parts of the device is
stronger as the light passes twice through these regions. That is why for bias conditions
characterized by not too high drain current (Vg≤2V) the PLS is still stronger than the
TLS on the interconnections (also because the laser is not best focused there) and the
net signal is positive. In figure 8.64 LS profiles for all used bias conditions are included.

Figure 8.64.: 1.064 µm backside LS profiles for various bias conditions for a MOSFET
with the channel length L = 1.8µm. Small images show LS signal intensity
as a function of the position over a MOSFET (Source → Gate → Drain).

The following figures show the profiles for constant drain voltage and variable gate
voltages (figure 8.65) and constant gate voltage and variable drain voltages (figure 8.66).
In figure 8.67 the signals for the positions specified in section 8.5 are plotted as a function
the bias condition.
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Figure 8.65.: 1.064 µm backside LS profiles for VD = 5V and various gate voltages for a
MOSFET with the channel length L = 1.8 µm.

Figure 8.66.: 1.064 µm backside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 1.8 µm.
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Figure 8.67.: Backside, 1.064 µm LS profiles of a MOSFET with channel length of 1.8
µm for various bias conditions: a) maximum, b) left minimum (source), c)
right minimum (drain).
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1.3 µm LS

The 1.3 µm LS from backside is very similar to the LS from the frontside. The same
groups of current variation maps can be distinguished depending on the bias condition.
The fact that the active regions and contacts are now entirely exposed to the laser
irradiation does not play significant role for the stimulation by means of 1.3 µm laser
beam. The following pages include the results for 1.8 µm MOSFET (fig. 8.68 - 8.72).

Figure 8.68.: 1.3 µm backside LS images for various bias conditions for a MOSFET with
the channel length L = 1.8 µm.
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Figure 8.69.: 1.3 µm backside LS profiles for various bias conditions for a MOSFET with
the channel length L = 1.8µm. Small images show LS signal intensity as a
function of the position over a MOSFET (Source → Gate → Drain).
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Figure 8.70.: 1.3 µm backside LS profiles for VD = 5V and various gate voltages for a
MOSFET with the channel length L = 1.8 µm.

Figure 8.71.: 1.3 µm backside LS profiles for VG = 5V and various drain voltages for a
MOSFET with the channel length L = 1.8 µm.

129



Figure 8.72.: Backside, 1.3 µm LS profiles of a MOSFET with channel length of 1.8 µm
for various bias conditions: a) maximum, b) left minimum (source), c) right
minimum (drain).

The same sets of results for the backside 1.064 µm and 1.3 µm LS of the other two
transistors (samples c and d) are catalogued in appendix A.
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8.6.3. Comparison and discussion of results

In this chapter the results obtained by LS of a MOSFET will be compared in two ways.
First the frontside and backside approaches will be compared for both lasers and all
the devices. Next, the results obtained with different lasers will be confronted. On-
state condition has been chosen for such a comparison as both types of stimulation are
effective in such a condition.

Frontside vs. backside LS

There are few main differences between LS from the frontside and backside. Most im-
portant ones are:

• from the frontside some parts of active areas are masked by metallic interconnects

• from the frontside, polysilicon gate is the only place where the light can be trans-
mitted to the channel and active areas

• in case of backside LS, light has to pass through the remaining silicon bulk, there-
fore some of the light is absorbed depending on the wavelength and substrate
doping

• in case of backside LS the active and contact areas are fully accessible to the
stimulation. Some light gets reflected from the bottom surfaces of the metal parts
and leaves the sample from the backside. As result some of the areas that lay
under these interconnections gets stimulated photoelectrically twice, as the light
passes twice through them.

• from the frontside the laser was focused on the top surface of the metal intercon-
nections (such as of drain and source) whereas from the backside the laser was
focused on the contacts between metal and n+ diffusions.

a) 1.064 µm LS: First of all, the 1.064 µm LS over metal interconnects is much stronger
from the frontside of the silicon die. From the frontside the stimulation on the metal
parts of the device is purely thermal. Small portion of the light is absorbed in the metal
surface and the rest is reflected. The absorbed portion contributes to the TLS. In case
of backside LS it is different. As mentioned in the beginning of this subchapter the light
passes first through the silicon bulk so some of the light is absorbed. The light that
reaches active areas or the silicon close to the drain-to-well junction participates in the
PLS. The non-absorbed so far light reaches the bottom surface of metal interconnections
and small portion is absorbed and converted to heat, contributing to TLS. The rest is
reflected and passes the silicon for a second time, generating e-h pairs and contributing to
the PLS again. The remaining light gets out of the sample. As a result, the stimulation
over metal interconnections from the backside is the product of few factors. The TLS
produces a negative current variation while the doubled PLS produces positive current
change. The net current change is the sum of these two. These effects compensate each
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other so depending on the bias condition the net signal can be negative or positive.
But the absolute value of this signal is always smaller as the signal for the same bias
condition while stimulating from the frontside (where the stimulation is only thermal).

From the frontside the PLS is only possible when the laser is scanned over the gate.
The light reaches the silicon and generates the e-h pairs that are separated by the
electrical field, mainly of the reverse biased drain-to-well junction. If the channel is long
and wide, so that the laser beam spot size is smaller then the stimulation is almost purely
photoelectric. Only small portion of light is absorbed in thin, highly doped polysilicon
gate and heats up the channel, slightly contributing to TLS. However, as the channel
length is reduced and the beam size is greater as the spacing between the drain and
source interconnections edges the beam positioned over the middle of the gate heats the
metal interconnection in the same time, increasing the thermal contribution in the net
LS signal. The originally positive (PLS) signal is reduced due to the compensation from
negative TLS signals. The shorter the channel the stronger the TLS contribution and
the signal becomes finally negative as the TLS gets stronger than PLS. This is clear
when studying figures 8.73 - 8.75.

Figure 8.73.: Comparison of frontside and backside 1.064 µm laser stimulation profiles
for 2 µm (1.8 µm) MOSFET biased with Vg=Vd=5V.

When stimulating from the backside all the regions are exposed and shortening of
the channel has no influence on the amount of light reaching the silicon. The drain-to-
substrate junction is fully accessible and the PLS is strong there. However, the contact
surfaces between the metal and n+ diffusion are also exposed and strong light to heat
conversion takes place there. The proof of this can be seen on the source side where the
strong negative signal is present. The same stimulation takes place on the other side
of the channel and compensates partially the strong positive signal due to PLS in the
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drain-to-substrate junction. As a result, the net signal is positive but smaller than the
positive signal i.e. in the channel, as in the channel there is no significant compensation
from thermal effects.

Figure 8.74.: Comparison of frontside and backside 1.064 µm laser stimulation profiles
for 1 µm MOSFET biased with Vg=Vd=5V.

Figure 8.75.: Comparison of frontside and backside 1.064 µm laser stimulation profiles
for 0.7 µm MOSFET biased with Vg=Vd=5V.
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In case of the shortest channel FET the profiles look slightly different as the contact
arrangement is different. The profiles have been acquired in the middle of the gate and
in the 0.7 µm channel length device there is no contacts at this height (see figure 8.79).
As a result, in the profile, the net signal over the drain is stronger than the channel as
there is no compensation from negative TLS signal.

To summarize this part, the frontside 1.064 µm LS is affected by shortening the
channel of the FET to much greater extent, in comparison to the backside LS. The
contact arrangement plays quite significant role, especially for LS from the backside,
where the contacts are exposed.

b) 1.3 µm LS: 1.3 µm LS is purely thermal. As mentioned before, while explaining
the TLS by 1.064 µm LS, the thermal stimulation from the frontside is stronger in
comparison to the backside stimulation as some of the light is absorbed in the backside.
However, at this wavelength this difference is less significant as the 1.3 µm light is not
absorbed so strongly in the silicon. In general the frontside and backside 1.3 µm LS
profiles are similar. The stimulation effect is the strongest at the metal/n+ diffusion
contacts and the weakest over the gate. The shorter is the channel, the higher the
current is and the higher the current change due to the laser irradiation. As the channel
is shortened the contribution of the LS over the gate becomes less significant because,
even if the beam is positioned at the middle of the gate, most of the beam power is still
applied to the metal interconnects where the LS is more effective.

Figure 8.76.: Comparison of frontside and backside 1.3 µm laser stimulation profiles for
2 µm (1.8 µm) MOSFET biased with Vg=Vd=5V.
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Figure 8.77.: Comparison of frontside and backside 1.3 µm laser stimulation profiles for
1 µm MOSFET biased with Vg=Vd=5V.

Figure 8.78.: Comparison of frontside and backside 1.3 µm laser stimulation profiles for
0.7 µm MOSFET biased with Vg=Vd=5V.

In case of the shortest channel transistor the situation is again different as a result of
different contact arrangement (see figure 8.78). The specific contact position causes the
current to flow as shown in the fig 8.79. The effective current path is longer and the
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effective resistance of contacts is higher, all resulting in lower current but also higher
current density in the channel. Higher current density causes the TLS over the channel
to be much more effective what is most clearly visible in the backside LS case (see figure
8.78).

Figure 8.79.: Current flow path in the 0.7 µm MOSFET.

1.064 µm vs. 1.3 µm LS

To emphasize the differences between the interactions of two laser beams with an FET,
the LS profiles obtained by means of these lasers have been brought together on one
plot for all the studied cases. The profiles for a MOSFET operated in the on-state have
been chosen for the comparison. The comparison for the frontside LS will be presented
as first followed by the comparison of backside LS results.

a) Frontside LS As approximately the same laser power has been used for both laser
beams, the LS with the 1.3 µm laser beam seems to be more effective. The same amount
of light reaches the metal surface so the absorption of the 1.3 µm wavelength laser light
must be better in metal in comparison to the absorption of the 1.064 µm laser light.
When scanning the laser beam over the gate (channel) area the differences are even
more pronounced. The 1.064 µm generates the e-h pairs in the silicon contributing to
a strong positive PLS signal and heats the neighbouring interconnections with the net
effect depending on the bias condition and channel length. The 1.3 µm laser beam can-
not generate e-h pairs so the stimulation is thermal. As polySi gate is very thin only
small amount of light is absorbed and heats the channel. Therefore, the TLS signal over
the gate is weaker in comparison to the TLS sinals over metal interconnections. As the
channel is shortened, more and more laser power is applied to the interconnections and
net signal gets stronger. Figure 8.80 shows the comparison of the LS between the two
lasers applied from the frontside of 2 µm channel length transistor. The next two figures
(8.81 and 8.82) show the comparison for shorter channel MOSFETs, 1 µm and 0.7 µm
respectively.
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Figure 8.80.: Comparison of frontside 1.064 µm and 1.3 µm LS profiles for 2 µm MOS-
FET biased with Vg=Vd=5V.

Figure 8.81.: Comparison of frontside 1.064 µm and 1.3 µm LS profiles for 1 µm MOS-
FET biased with Vg=Vd=5V.
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Figure 8.82.: Comparison of frontside 1.064 µm and 1.3 µm LS profiles for 0.7 µm MOS-
FET biased with Vg=Vd=5V.

b) Backside LS The results of the LS from the backside when comparing different
applied laser wavelengths show more differences as in the case of the frontside approach.
The comparison of the backside stimulation effects when applying 1.064 µm and 1.3 µm
laser beams is presented for the 2 µm, 1 µm and 0.7 µm channel length transistors in
figures 8.83 - 8.85 resepectively.

First of all, the 1.064 µm laser light is absorbed in the bulk silicon to much higher
extent than the 1.3 µm laser light. The 1.3 µm light is only slightly absorbed on free
carriers whereas 1.064 µm is absorbed during e-h pairs generation process. The not-
absorbed 1.3 µm light reaches the transistor level and a portion is absorbed in metal
parts and highly doped silicon regions. The rest is reflected. In case of 1.064 µm LS
much more of the incident light is absorbed. The e-h pairs generated in the proximity
of the drain-to-substrate junction and in the channel are separated and contribute to
the net signal. The non-absorbed portion of light reaches the metal parts where another
portion is absorbed and converted to heat. The rest is reflected and contributes to the
PLS signal on its way back. The absorbed in metal portion of light contribute to the
TLS signal. All these effects happen at each position of the laser so the net signal of
the LS is a combination of both PLS and TLS signals. Below interconnections both
contributors are almost equal and opposite in sign so the resulting signal is almost zero.

The TLS is the strongest on the contact between the metal and n+ diffusions as the
laser is focused on this surface and it is close to the channel of the FET. That is why the
TLS over the source is much stronger than anywhere else. It is the same strong on the
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Figure 8.83.: Comparison of backside 1.064 µm and 1.3 µm LS profiles for 2 µm MOSFET
biased with Vg=Vd=5V.

Figure 8.84.: Comparison of backside 1.064 µm and 1.3 µm LS profiles for 1 µm MOSFET
biased with Vg=Vd=5V.
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Figure 8.85.: Comparison of backside 1.064 µm and 1.3 µm LS profiles for 0.7 µm MOS-
FET biased with Vg=Vd=5V.

other side of the channel, on the drain contact, but the PLS signal is also the strongest
there as produced in drain-to-substrate junction located just under the drain contact.
These two signals compensated each other and the resulting net signal is slightly positive
as the PLS is a dominant effect. The strongest PLS signal is when stimulating over the
channel as the TLS effect is weak there and cannot compensate significantly. For the
transistor with the channel of 0.7 µm the situation is slightly different (see figure 8.85).
The profiles were taken in the middle of the gate and the contacts in this transistor are
only at the edges of the channel so the effect of PLS compensation by TLS on the drain
side is not visible in the profile.

Device scaling

In this section the results will be presented in a way to show, in the best possible way,
the influence of the channel length scaling on the LS quality and efficiency. As first,
the comparison of all the transistors stimulated from the frontside will be presented,
followed by the same for the backside approach.

The scaling of the channel length affects the LS efficiency. The strongest effect it has in
case of 1.064 µm LS from the frontside as the effectiveness of the PLS depends strongly
on how many photons reach the areas where they can generate e-h pairs. When scanning
over the FET from the frontside, the only way the photons can reach the channel and
drain-to-well junction is through the gate. And the dimensions of the gate follow the
dimension of the channel. As the channel length becomes smaller than the laser beam
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spot size it significantly reduces the amount of light that passes through to generate e-h
pairs. In the same time, more and more of the beam energy is absorbed in the metal
parts increasing the contribution of the TLS in the net signal.

The 1.064 µm LS signal profiles recorded for Vg=Vd=0V are presented in figure 8.86.
As the channel is shortened the amount of light reaching the channel level area is reduced
and the PLS signal is decreased.

Figure 8.86.: Comparison of frontside 1.064 µm laser stimulation profiles for MOSFETs
with different channel length, biased with Vg=Vd=0V.

For the device operated in the on-state the situation is different. As the current flow
through the device the TLS is very efficient especially because the only place where the
PLS can take place is over the transistor’s gate. While scanning the 1.064 µm laser
beam over the gate area part of the light reaches the channel and contributes to net
stimulation via photocurrent generation. This positive current change compensates the
great negative current change due to TLS. As a result, the stimulation over the gate area
is a mixture of PLS in the channel and TLS in the neighbouring metal interconnects.
As the channel length is reduced the compensation of TLS by PLS is weakened and the
even becomes negative (see figure 8.87).

In case of backside 1.064 µm LS the shortening of the channel has no significant effect
as the drain-to-substrate junction and the channel are exposed anyway. In figure 8.88
you can see the 1.064 µm LS profiles for the bias condition Vg=Vd=0V. The transistors
with the same contact arrangement (L=1 µm, 1.4 µm and 1.8 µm) have the same positive
PLS signal. The oversized transistor (L=10 µm) and the shortest one (L=0.7 µm) shows
slightly different behaviour. The only difference is that the oversized transistor is wider
(20 µm) but the exact reason for the lower PLS signal is not identified. The short
channel transistor, in turn, has different contact arrangement (as shown in figure 8.79)
and the recorded profile does not show the effect of the drain-to-substrate related PLS
signal but only the signal PLS generated when stimulating at the channel. Therefore,
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it is weaker as for different transistors with the regular contact arrangement (row of
contacts to contact drain/source n+ diffusions). In figure 8.89 the 1.064 µm LS profiles
for a device in on-state are presented.

Figure 8.87.: Comparison of frontside 1.064 µm laser stimulation profiles for MOSFETs
with different channel length, biased with Vg=Vd=5V.

Figure 8.88.: Comparison of backside 1.064 µm laser stimulation profiles for MOSFETs
with different channel length, biased with Vg=Vd=0V.

In the on-state high current flows through the device and thermal effects are significant.
As the channel is getting shorter the higher current flows through the device and the
thermal stimulation gets stronger. And again, for the shortest channel transistor the
situation is different because of the different contact arrangement. As there is only one
contact on each side (drain and source), serial resistance is larger and the current flow
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in the channel is different as the drain and source contacts are made on opposite sides
of the channel (as shown in figure 8.79). All these issues results in lower current flowing
in this transistor and lower TLS signals. As the thermal stimulation effect is weaker the
positive PLS signal is compensated to smaller extent and the net positive signal for the
shortest channel device is greater.

Figure 8.89.: Comparison of backside 1.064 µm laser stimulation profiles for MOSFETs
with different channel length, biased with Vg=Vd=5V.

8.7. Summary and conclusion

Wide variety of IC components has been investigated by static laser beam stimulation.
Passive devices like metallic/polysilicon interconnects and thermoelectric junction have
been studied at first, followed by the investigation of the interaction of the laser beam
with active devices like p-n junction and FET.

In a metallic interconnect, the stimulation is only thermal and results in resistivity
change (basis for OBIRCH and TIVA techniques). In polysilicon interconnect, the stim-
ulation effect depends on photon energy (wavelength of the laser beam). 1.3 µm laser
stimulation is thermal while 1.064 µm laser stimulation is photoelectric. The thermo-
electric junction has been studied as stimulated by 1.3 µm laser beam. Depending on the
nature of the bias applied to the junction, the TLS signal is a mixture of resistance varia-
tion related signals and Seebeck Effect related signals. The bias dependent contribution
of both effects has been measured, modelled and explained through simple equations.

The results of the laser stimulation of the most basic active device, namely p-n junc-
tion, have been presented. The analysis has been performed from the frontside as well as
from the backside of the chip. 1.3 µm and 1.064 µm stimulating laser beams have been
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used and both operating modes of the p-n junction (forward and reverse bias) have been
investigated. Depending on the laser wavelength, laser illuminating approach (front and
backside) and biasing condition, wide variety of LS image contrasts could be obtained
comprising of both thermal and photoelectric effects. All cases have been presented and
explained.

Finally, the field effect transistor has been analyzed as stimulated by the laser beam.
Similarly to the p-n junction, the impact on electrical performance is through the mix-
ture of photoelectric and thermal effects. Pure PLS signal is produced by the 1.064 µm
laser only when an MOSFET is operated in zero bias condition. At nominal voltages, the
pure PLS is disturbed by some amount of TLS due to significant conversion efficiency of
metal and polysilicon gate and the subsequent thermal diffusion to the channel. Thermal
effects by 1.064 µm laser stimulation on a single n-type MOSFET transistor have been
estimated and the contribution from the PLS effect has been determined. To estimate
the thermal effects induced by 1.064 µm laser, stimulation results from the 1.3 µm laser
have been used as reference, taking into account the different light absorption properties
of different materials depending on the laser wavelength. In addition, the influence of
the transistor scaling on the TLS/PLS signal contribution has been analyzed.
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9. Dynamic laser stimulation

As mentioned already in the introduction to this part of dissertation, the laser stim-
ulation of microelectronic components is not an immediate process. Certain time is
needed for a device to respond and the stimulation setup to properly detect the device
response. This chapter covers the results of the study of LS dynamics characterization.
The knowledge about dynamics of the LS of certain devices may be a source of additional
valuable information about the performance analyzed device. It can also deliver infor-
mation about 3-D localization of devices, device defects or anomalies in the multilevel
metallization stacks, which are common in state-of-the-art technologies.

A method used to analyze the LS-related dynamics of the device was a phase sensi-
tive detection as well as direct observation of the LS signals on the screen of a digital
oscilloscope.

9.1. Introduction

The process of laser stimulation consists of several intermediate steps, all of which take
time. The laser light is generated in the laser diode. This and the electronic control
circuitry of the diode have certain delay. Once the light is generated and shined on the
device, the absorption takes place. Depending on the used wavelength, the stimulation
process can be slower or faster, but certain time is needed again. In the TLS case the
absorption does not necessarily occur right at the area of the device that is most sensitive
to temperature variations, so additional time is needed for the heat to diffuse inside the
device to effectively affect the electrical properties. Once the electrical behaviour of the
device is affected by the laser beam, it needs to be properly detected. The detection
scheme consists of electrical signal monitor and amplification stage (see section 5.1 for
details). These components naturally also have their specific delays and response times.
The net delay or response time of the device to the laser modulated excitation is the sum
of all the delays, response times of components and phenomena involved in the entire
process of LS.

It is important to isolate the device’s contribution in the LS process. This knowledge
may deliver additional valuable information about the device/circuitry performance or
defect/anomaly nature. In case of devices, device defects or anomalies located deep
in the metallization stacks, the analysis of the LS-related device dynamics may deliver
additional information about 3-D localization.

One way to extract the LS-related timing characteristics of particular device is to
position the laser over a certain area of the device and then modulate the laser power
using the signal from pulse generator. This kind of experiment can be performed using a
setup as presented in section 5.3. However, this kind of measurement is not automated,
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time-consuming and delivers the information about the dynamics of the LS only for one
area of the device in time. Therefore, it was used only as a reference measurement and
was not the main goal.

A much faster method to learn about the LS-related device dynamics is using a dual-
phase lock-in amplifier connected in the amplification scheme, as presented in section
5.2.

In this chapter several issues are addressed. First of all, introductory measurements
were performed in order to directly learn about the dynamics of the system components,
to evaluate the pure contribution of the device in terms of LS-related timing. These mea-
surements are performed using the setups presented in sections 5.4 and 5.3 respectively.
Next, the dynamic behaviour of basic devices in laser stimulation was characterized
using the setups presented in section 5.3. Delay and/or response times are measured
for various devices and for frontside and backside approaches. The structural and geo-
metrical characteristics of analyzed devices are also taken into account. The next two
setups incorporate different lock-in amplifiers in order to detect and measure the phase
information during the modulated LS of microelectronic test devices (section 5.2). The
detected phase information was also used in the end to extract the delay information.
The numbers characterizing the LS dynamics, obtained in both ways, are confronted
and conclusions drawn.

9.2. LS system dynamics

In this section the results of the measurements of the LS system components dynamics
will be presented.

9.2.1. Laser-related timing characterization

The measurement setup for the characterization of the laser-related delay was presented
in section 5.10. The measurements were performed using two different light receivers
as listed in the table 5.1. Both integrate the photodiode detector and amplifier but
have various bandwidth and sensitivity characteristics. The Tektronix SA-42 could be
used for all the microscope objectives and power settings, while the Analog Devices
photoreceiver, characterized by much higher conversion factor, could only be used for
the 100x objective (characterized by the lowest transmission) and laser power setting up
to 3% of the maximum power. This was good enough to check the consistency of the
measurement results. The delay has been measured using the definition presented in
figure 5.9. This delay consists of two factors as shown in the image A of figure 9.1. One
factor is the delay (hold time of the control electronics) and the other factor is the rise
time of the laser diode switch-on process. The comparison of results for both detectors
is presented in image B of figure 9.1 and the results for various objectives are presented
in image C of figure 9.1. The delay results obtained using both detectors are consistent
in the overlapping laser power range and show the same tendency of dependence on
the laser power. The laser-related delay is around 4-5 µs for the minimum laser power
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setting of 0.5% and decreases as the laser power is increased saturating at the value of
1.1 µs.

Figure 9.1.: A) Factors contributing to laser delay; B) Comparison of delay measurement
results obtained using different photo-receivers: Tektronix SA-42 and Ana-
log Devices; C) Comparison of delay measurement results obtained using
Tektronix SA-42 photoreceiver for various microscope objectives.

9.2.2. Amplifier-related timing characterization

Measurement setup for the characterization of the amplifier-related delay was presented
in section 5.11. The amplifier-characteristic delay was measured for the amplifier oper-
ated in standard voltage mode, various load resistances and several voltage settings of
the internal voltage source. The dependence on the internal source voltage setting is
presented in figure 9.2.The dependence of the amplifier delay on the load resistance is
presented on image B of figure 9.3.

The delay introduced by the amplifier unit (amplifier + integrated voltage source)
depends on the DC voltage applied to the DUT from the internal voltage source. As
this voltage is increased the corresponding amplifier delay of the amplifier decreases
and saturates at higher voltages. The dependence of the amplifier delay on the DUT
resistance is more complex. For small values of resistance (< 10 kΩ) the delay slightly
increases with load resistance. As the resistance is further increased up to 175 kΩ the
delay decreases with the slope of around -13 ns / kΩ. Then there is an abrupt decrease
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in the measured delay. The delay remains constant as the resistance is further increased.
The reason for such behaviour is presented graphically on the image A of figure 9.3.
Once the resistance of the DUT connected to the amplifier reaches the level of about
175 kΩ the amplifier starts to produce a peak on the output. The rising edge is then
very steep resulting in the strong decrease of the measured delay.

Figure 9.2.: Amplifer delay as a function of the voltage of the internal voltage source for
various load resistances.

Figure 9.3.: A) Amplifier output signal transients for various load resistances; B) Am-
plifer delay as a function of the load resistance for variuos voltage settings
of the internal voltage source.
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9.2.3. Total system delay

To summarize, the total system delay depends on three factors:

• applied laser power (PL)

• impedance of the DUT (RDUT )

• DC voltage applied to the DUT from the integrated voltage source (V)

It can be expressed approximately as the sum of the laser-realted and amplifier-related
delays, as shown in the equation 9.1.

tSY STEM (PL, V,R) = tLASER(PL) + tAMPLIFIER(V,RDUT ). (9.1)

where: PL - laser power, V - voltage applied from integrated voltage source and RDUT

- load resistance.

To better visualize the dependence on above mentioned parameters the system delay
can be displayed on the 3D graphs as a function of load resistance and the applied DC
voltage for several laser power settings as presented in figure 9.4.

Figure 9.4.: Total system delay as a function of load resistance and DC voltage for a
laser power of A) 0.5%, B) 1%, C) 2% and D) 100% @ 50x magnification.
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9.2.4. Pure DUT dynamics estimation

In chapter III setups were introduced suitable for the measurements of the DUT dynam-
ics, either by direct observation of the DUT response on the screen of the oscilloscope
(section 5.3) or by the evaluation of the phase information obtained using setups pre-
sented in section 5.2. Regardless of the way used to learn about the device dynamics,
the extracted dynamic characteristic (i.e. delay) depends on the delay of the system
components used to enable the analysis in the first place. Therefore, the total measured
delay can be expressed as:

tMEASURED = tLASER + tAMPLIFIER + tDUT . (9.2)

when using the setups with the amplifier unit in the signal detection path (as presented
in figures 5.4 and 5.7) and expressed as:

tMEASURED = tLASER + tDUT . (9.3)

when using setups having no integrated amplifier unit (as presented in figures 5.5 and
5.8).

The above given equations can be transformed to express the pure DUT delay as
obtained by the subtraction of the estimated system delays from the total delay measured
using one of the mentioned setups. To be specific the DUT delay can be obtained by
using the equation:

tDUT = tMEASURED − tLASER − tAMPLIFIER. (9.4)

when using the setups with the amplifier unit in the signal detection path (as presented
in figures 5.4 and 5.7) and by the equation:

tDUT = tMEASURED − tLASER. (9.5)

when using setups having no integrated amplifier unit (as presented in figures 5.5 and
5.8).

9.3. Characterization of LS-related device dynamics

In this section the results of LS-related dynamics of the DUTs are covered as obtained
using the setups presented in section 5.2. As mentioned in the introductory section of
this chapter, there are two ways of measuring the LS-related dynamics of the device. One
way is through direct observation of the variation of the device electrical performance.
Another way is using phase sensitive detection by means of a lock-in amplifier inserted
in the signal detection scheme. Both approaches are applied to basic IC components.
The results are presented in following subsections.
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9.3.1. Metallic interconnect

At first the results of the LS-related dynamics will be presented for a test structure being
a simple metallic interconnect, the basic LS of which was presented already in section
8.1. The schematic of the exemplary metallic interconnect test structure was presented
in the same section in figure 8.2.

Introductory delay characterization was performed using the setup presented in section
5.3 and figure 5.7. The laser was operated in point-scan mode and positioned over the
metal interconnect surface. Two types of experiments have been performed: (1) to
check the influence of the metal line width and (2) to check the influence of the laser
position over the device and on the resulting delay of the DUT response to the LS. In
all experiments, the delay was measured using the definition presented in section 5.3,
figure 5.9.

In the experiment (1), great attention was paid to have the laser positioned accurately
at the centre of the metal line. This experiment was repeated for metal interconnects of
various widths, as listed in chapter IV, to learn about the DUT geometry influence on
the LS dynamics. The results of the experiments are presented in figure 9.5.

Figure 9.5.: LS-related delay of a metallic interconnect as a function of the metal line
width, measured at 50x magnification. Red dots - measured values; blue dots
- pure DUT delay. Red line indicates the laser spot size when focused with
50x microscope objective. The measurement points of three most narrow
interconnects were approximated by gaussian beam power based curve. The
measurement point of the three wider interconnects were approximated by
straight line.

The measured delay was corrected for the system delay (laser and amplifier) as char-
acterized in section 9.2.3. Taking into account the resistance range of the used metal
interconnects and the applied voltage used in the LS experiments, it was possible to esti-
mate the system delay. And it is equal to around 6.7 µs. Both: measured and corrected
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values are shown in figure. Three basic observations can be made. First of all, the delay
increases with the increase of the metal interconnect width. Second, two regions (B and
C in figure 9.5) can be distinguished in the curve, with the boundary point at around 2
µm which is close to the laser beam spot size at 50x magnification (2.09 µm). The third
observation is the value of the virtual delay for the infinitely thin metal interconnect (A)
as obtained by the intersection of the gaussian laser power based approximation with
the delay axis. The value of this hypothetical delay is 0.6 µs.

The delay in case A (infinitely thin interconnect) can be used to characterize the ver-
tical heat transport properties as there is no heat diffusion in lateral direction. Knowing
the vertical dimension of the device one can calculate velocity of the heat diffusion.
Knowing the thickness of the interconnect layer which is about 0.5 µm we obtain the
resulting coefficient of 0.83 m/s.

The further increase of the delay with the increase of the metal interconnect width
(regions B and C) is quite obvious and easy to explain. As the width increases, the entire
volume that the heat can diffuse to, also increases, what in turn increases the average
time that is needed to effectively alter the resistivity of the material. The explanation of
the regions in the characteristic involves the laser beam gaussian intensity distribution
and the correlation of the beam spot size with the width of the structure. Figure 9.6
helps in understanding the reasons behind the shape of the curve. In this figure, two-
dimensional schematic of the metal interconnect structure is shown with the laser beam
projected on it.

Figure 9.6.: Influence of the interconnect line width on the LS dynamics.

When the metal interconnect width is much smaller than the beam diameter (close to
the virtual case A in figure 9.5), the beam covers the entire device in the X direction, as
shown in image A of figure 9.6. Additionally, as the beam is positioned over the middle
of the line the maximum of the intensity (peak in the gaussian profile) is applied to the
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device. For a very small device it can be additionally approximated that the applied
light intensity is constant and does not vary over the line width. Therefore, the light is
(a) absorbed uniformly at the surface and (b) heat diffuses into the volume of the device
mainly in the Y direction.

When the device becomes wider (but still smaller than the beam diameter - region B
in figure 9.5), the surface of the interconnect is illuminated by greater part of the laser
beam, where the intensity decreases rapidly to the sides, following the gaussian beam
profile (see figure 2.3 in section 2). The light is transformed to heat at the surface of
the device also following the light intensity distribution. In such a situation the net
effect of the heating is a combination of (a) the direct heat diffusion from the surface
(Y direction) and (b) the diffusion from the middle of the wire (where heating effect is
stronger) to the sides (X direction). In other words, the non-uniform distribution of the
light intensity results in additional X-directional heat diffusion component. Due to this
component the delay increases as the width of the interconnect is increased following
gaussian beam power distribution.

When the device becomes wider than the beam diameter, as depicted in image C of
figure 9.6 some regions along the metal line width are not illuminated and directly heated
at all. The heat diffuses to those regions only in the X direction. The characteristic in
region C in figure 9.5 can be approximated by a straight line with the slope of 0.27
s/m which is lower than the slope of the characteristic in region B indicating that pure
one-dimensional heat diffusion is faster mechanism than the combination of lateral and
vertical heat diffusion resulting from inhomogeneous beam intensity distribution (region
B of the characteristic).

Experiment (2) has been performed for the metal interconnect of the 8 µm width. In
this experiment the laser beam was originally positioned over the middle of the inter-
connect and then moved to the sides while precisely monitoring and noting its position.
The delay was recorded for several laser beam positions and corrected for the system
delay. The results are presented in figure 9.7.

Three characteristics are included: TLS signal intensity (green colour), measured de-
lay (red colour) and pure DUT delay (blue colour). The TLS signal remains almost
constant as long as the entire beam spot is positioned over the interconnect surface.
Once the beam leaves the interconnect the delay starts to increase. The explanation
can be that once the beam is entirely over the device, heat can diffuse to both sides in
the X direction to effectively influence the material resistivity. As a result, the delay is
relatively constant. Once the beam is on the edge of the structure and starts to leave
it, the heat can diffuse only to the other side of the metal interconnect. Therefore, the
distance for the heat diffusion is increased. Thus the delay is increased.

153



Figure 9.7.: Influence of the laser beam position over the interconnect line on the LS
dynamics.

The phase information has also been analyzed for this simple metallic interconnect
structure. But it has been done only qualitatively without recalculation back to the time
domain, and to only show the dependence of the phase analysis results on the frequency
used for the excitation of the experiment, as already mentioned and described in section
5.2.1. The images taken for various excitation frequencies are shown in figure 9.8. Ad-
ditionally to phase images, also the profiles of the phase-related signal intensities have
been shown for various excitation frequencies. The profiles have been acquired across
the line indicated in the reflected light image. In the profiles the red line marks the 0◦

phase shift. The phase increases as the frequency is increased. This is because at greater
frequencies, the relation of the LS-related DUT response signal 1st harmonic delay to
the period of the reference sine wave 1st harmonic increases, as also already discussed
in 5.2.1. At some frequency the phase reaches the 180◦ and starts to be calculated in
reference to the the other zero of the reference signal sine wave, with the resulting num-
bers starting from -180◦. Further phase signal sign changes takes place as the frequency
is further increased. The simulation of further phase sign changes as a function of the
modulation frequency and delay, for the ideal case of two delayed sinusoidal waves has
been already presented in 5.2.1. According to those simulations the first phase signal
sign change should take place at around 70-80 kHz, as the LS-related delay of 8µm in-
terconnect line, measured for a laser positioned in the middle of the line (and including
also the system delay) is around 6.5 µs. And this is exactly what we observe on figure 9.8.
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Figure 9.8.: LS phase images of the metal interconnect acquired for various excitation
frequencies.

Another interesting observation is that at locations of the structure that are not part of
the current flow path, the phase shift sign change occurs for lower reference frequencies.
This is because in those places the delay between the laser turn-on moment and the
effective TLS of the current is greater due to the additional time needed for the heat
to diffuse to the regions of the device (test structure) that drive the current, as also
illustrated in figure 9.9.

To summarize the analysis of the metallic interconnect TLS dynamics, we can state
that there is a limit that cannot be overcome when doing the TLS on metal interconnec-
tion level. Minimum time is needed for the light to be absorbed at the surface, converted
into heat and for the heat to be transported inside the volume of the device. For a very
thin device, the dynamic behaviour is only determined by vertical heat diffusion. For
wider devices, but still smaller than the laser beam spot, additional factor comes into
play, namely the lateral heat diffusion component, being a result of the laser beam light
intensity inhomogeneous, gaussian distribution. For interconnects wider than the beam
spot the delay is further influenced by the lateral heat diffusion to the regions not directly
illuminated by the laser beam. For these devices lateral diffusion becomes a dominant
factor.

155



Figure 9.9.: Schematic of the metallic interconnect test structure with the TLS position
off the current path.

9.3.2. Thermoelectric junction

Next device type which was analyzed in terms of dynamics in LS, is thermoelectric junc-
tion. The exact device is a polysilicon resistor connected to the measurements pads
using metal interconnections. The basic TLS analysis was presented in section 8.3. The
device has been operated in the pure Seebeck effect mode with 0V applied to the device.
As a result, no DC current flow was present in a device and the only effect of TLS was
through the Seebeck effect related thermoelectric force generation, as already explained
in section 8.3.

The introductory delay characterization was performed using the setup presented in
section 5.3 and figure 5.7. The laser was operated in its point-scan mode and positioned
over the middle of the contact between the polysilicon and aluminium, the place where
the Seebeck signal related voltages are generated most efficiently in response to tem-
perature gradients introduced by LS. The laser was then moved away from the contact
along the metal interconnect (see figure 9.10) in order to check the dependence of the
delay on the distance between the place of stimulation and the place of the electrical
signal modulation.

The delay was measured using the definition presented in section 5.3 in figure 5.9. The
measured delay was corrected for the system delay (laser and amplifier) as characterized
in section 9.2.3. Taking into account the resistance of polisilicon resistor and the applied
voltage used in the LS experiment it was possible to estimate the system delay. And it
is equal to around 6.7 µs. The results of this experiment are shown in figure 9.11.
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Figure 9.10.: Measurement of the delay dependence on the distance from the thermo-
electric juntion - schematic of the experiment.

Figure 9.11.: Delay as a function of the distance from the contact, in the TLS of the
thermoelectric junction.

Following observations can be made. First of all, the delay measured for a laser
positioned over the contact between the polisilicon and aluminium interconnect and
corrected for laser dynamics is equal to about 0.664 µs which very similar to the delay
estimated for an infinitely thin metal interconnect, as presented in previous section. In
both cases the delay is determined by light absorption at the metal surface, conversion
to heat and then vertical diffusion inside the device. The fact that the numbers are so
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similar is probably a coincidence as, for instance, the vertical distance and the number of
interfaces that heat needs to pass is different between the thermoelectric junction LS case
and the metal interconnection LS case (presented in previous section). Nevertheless, it is
meaningful to see that the data characterizing the same effect, obtained in two different
experiments, using two different test structures deliver very similar results.

Another valuable information can be read out of the slope of the characteristic. The
slope is 0.177 s/m. Corresponding heat transport velocity is equal to 5.65 m/s and
describes the real lateral heat transport properties of aluminium material. This velocity
is much greater than the velocities that could be estimated from the infinitely thin
interconnect case and from the stimulation at the contact of the thermoelectric junction
case. Roughly, it is 5 times higher. One possible explanation can be that in case
of vertical heat diffusion there is number of interfaces that are characterized by worse
thermal conductivity. This is especially the case of thermoelectric junction test structure
where one can see few interfaces of materials on the way of heat diffusion (see figure 8.4).

As the next step, the phase information was analyzed using the setups presented in
section 5.2. The TLS image, TLS profile and resulting phase image and profile are shown
in figure 9.12. The simplified schematic of the test structure is also shown.

Figure 9.12.: TLS-SEI signal and resulting phase as a function of the distance from the
thermelectric juntion.

The shape of the TLS profile was already discussed in 8.3. There are two polarity
regions that are characteristic to Seebeck effect. The resulting phase profile is no longer
so obvious and needs some explanation. The way the phase is calculated from the TLS
signal is presented in figure 9.13.
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Figure 9.13.: Phase caclulation principle description for test structure containing two
thermelectric junctions.

The key to proper understanding of the phase calculation is the fact that the laser
is switched on by the low level of the modulation signal. As a result there is kind of
inherent, 180◦ phase shift. Therefore, for the positive TLS signal the temporal delay
results in a phase shift being calculated to the following zero of the reference sine wave
and having the negative value. As the phase output is inverting, the resulting phase-
related output signal is positive. As the laser is moved away from the thermoelectric
junction, which results in a greater delay - the phase shift decreases. For the negative
TLS signal the situation is the opposite. The negative signal is, in terms of phase, an
equivalent to additional 180◦ shift. Taking into account the 180◦ phase shift from the
laser being switched on by the low level of the reference signal - we end in a situation
of 360◦, which is equivalent to 0◦ phase shift. Therefore, in the case of negative TLS
signal, the temporal delay results in positive phase shift. At the ouptut it is negated
resulting in the negative values. In this case, when the laser is moved away from the
thermoelectric junction, providing greater temporal delay, the negative phase shift value
is increased. In addition to the step-by-step description of the phase calculation process,
the TLS and phase images and profiles are also presented in figure 9.13.

The phase information delivered by using lock-in amplifier unit can be then used to
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extract the temporal delay, to check whether there is an agreement of the delay measured
directly on the screen of the oscilloscope as performed using the setup presented in
figure 5.7 and the delay delivered by performing the phase sensitive detection using
the setup presented in figure 5.5. These delays, as a function of the distance from the
thermoelectric junction, are presented in figure 9.14.

Figure 9.14.: Measured delay and delay extracted from the phase as a function of the
distance from the thermoelectric junction.

The most important observation is that both delay dependencies on the position of
the laser have the same slope. Since slope of the characteristic is a function of the heat
transport dynamics in the material, it would be very undesired to see different results
in terms of slope. In terms of absolute delay values there is also a good agreement.
The results of delay extracted from the real TLS signal as observed on the screen of the
oscilloscope and the delay extracted from the phase information are almost the same.

To summarize, the most important numbers characterizing the DUT LS dynamics are
listed in the table 9.1.

Activity description Slope /
Delay*

Heat transport
velocity

Comments

Stimulation at the
contact

0.664 µs 1.51 m/s Vertical heat
diffusion

Laser moved away from
the contact

0.177 s/m 5.65 m/s Lateral heat
diffusion

Table 9.1.: LS delays and LS dynamics factor for a 2-via (thermoelectric junction) DUT
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LS dynamics in frontisde and backisde analysis. As mentioned already, backside anal-
ysis is very often the only solution to apply optical techniques to state-of-the-art devices.
Therefore, it is also meaningful to check whether there is a difference in the dynamics
of the LS as applied from the FS and BS of the chip. This particular test device has
been chosen as there are more differences when looking from the frontside and backside
at this device, as compared to the simpler case of metallic interconnect. In case of ther-
moelectric junction LS, the differences between frontside and backside approach can be
the following:

• The amount of light reaching the surface of the DUT is different, as more light will
get absorbed in BS LS case.

• The place of the LS-related light absorption is different. In BS case the light will
mainly get absorbed on the TiSi2. In FS case the light will get absorbed in the
surface of the aluminium (see figure 9.15).

Figure 9.15.: Schematics of frontiside and backside LS of the thermoelectric junction

The FS and BS thermoelectric junction LS experiments have been performed using
setup presented in section 5.2 in figure 5.4 with the internal digital amplifier manu-
factured by Hamamatsu. To use internal digital lock-in amplifier one has to use the
internal AC amplifier as well, as they are internally connected to each other. As this
preamplifier is also inverting the signal in addition, the resulting phase information has
opposite sign to the phase information obtained using external lock-in amplifier without
preamplification.

The results of the FS and BS LS are shown in figure 9.16. There is almost no observable
difference in amplitude and phase between FS and BS approach.
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Figure 9.16.: Frontiside and backside LS of the thermoelectric junction: amplitude and
phase results.

Phase sensitive detection - parameter adjustment. There are many system parame-
ters that can be adjusted in the phase sensitive detection of LS signals and in the phase
shift analysis. The most important ones are:

• Laser power

• Lock-in amplifier sensitivity

• Modulation (reference) frequency

Adjusting the power of the laser and the sensitivity of the lock-in amplifier has the
same effect. They both improve the phase detection limit, what is easily observable on
figures 9.17 and 9.18.

Naturally, adjusting both parameters has its advantages and disadvantages. Increasing
laser power improves the phase detection but it also increases the probability of the
damage to the device, or the probability of the unwanted modulation of the failure site
in an analyzed sample. The advantage of using higher power is that it enables using
lower acquisition times, what reduces the analysis time. Increasing the sensitivity is the
other way to improve the detection limit. On the contrary to the laser power adjustment,
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Figure 9.17.: Influence of laser power on phase detection in LS

Figure 9.18.: Influence of lock-in amplifier sensitivity on phase detection in LS

increasing the sensitivity does not increase the probability of the device/defect physical
modification or damage. But instead, it does require using longer acquisition times.

Modulation frequency is another important parameter. Its influence on phase detec-
tion is more complex and has already been partially discussed in section 9.3.1. The
influence of the modulation frequency on the phase profiles in LS of thermoelectric junc-
tion is presented in figure 9.19. As one can easily read from the profiles, the increase
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of the modulation frequency increases the slope of the phase profiles, changes the refer-
ence (at-the-contact) phase (increases or decreases depending on whether the LS signal
is negative or positive, respectively) and degrades the detection properties. As already
discussed, when analyzing the phase signals by LS of the metallic interconnect, the in-
crease of the modulation frequency at a fixed delay (as provided i.e. by fixed laser beam
position over the device) results in phase shift increase. The same explanation holds for
the increase of the slope of the phase characteristic as a function of the distance from
the thermoelectric junction: the same increment in delay (as a result of the laser dis-
placement) results in greater increment of the phase for higher frequencies. As far as the
detection limit reduction is concerned, the explanation can be the following: for higher
frequencies the LS signal may not reach the full amplitude resulting in lower effective
stimulation and eventually worse signal detection for laser locations further away from
the thermoelectric junction.

Figure 9.19.: Influence of modulation frequency on phase detection in LS

To sum up, using different modulation frequencies results in very different results in
phase domain even if the delays lying behind the phase are the same. Therefore, coming
back to the time domain should deliver the same information, regardless of the used
modulation frequency. This is shown schematically in figure 9.20.

There is a certain basic phase shift ϕ0, value of which is dependent on frequency. This
represents the phase shift when the laser beam is positioned over the thermoelectric
junction (zero distance or x0). In addition, there is a factor dependent on the distance x
(distance between the actual laser beam position and the thermoelectric junction) with
certain coefficient dependent on the frequency. The frequency is a parameter in all phase
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Figure 9.20.: Phase to time transformation principle.

factors, having the influence on the ϕ0 value and the slope of the dependence on the
distance (x).

When translating back to the time domain, the frequency dependence is automati-
cally compensated, resulting in a fixed dependence of the delay on the distance (x). In
figure 9.21 the results of the measurements for two frequencies (10 kHz and 50 kHz) are
presented. As one can see clearly, transformation back to the time domain gives the
same results regardless of the modulation frequency used in phase sensitive detection of
LS.

LS dynamics imaging. So far, the LS dynamics has been characterized by delay mea-
surements, phase evaluation and phase imaging, as well as delay extraction from phase
information. But these are just numbers and images telling us in average about the dy-
namics of the device LS. Internal digital lock-in amplifier manufactured by Hamamatsu
Photonics enables to store all the data acquired in the lock-in detection procedure, with
specific, predefined frequency and sampling. This gives the opportunity to observe the
evolution of the LS signals and enables the localization of transient effects. In figure
9.22 some frames are shown out of greater amount of data to picture how the LS signal
develops during LS of the thermoelectric junction DUT.

165



Figure 9.21.: Delay extraction for different modulation frequencies.

Figure 9.22.: TLS signal evolution imaging using phase sensitive detection with internal
digital lock-in amplifier.
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9.3.3. Field effect transistor (FET)

In this section the dynamics of the field effect transistor (FET) laser stimulation are
shortly described. An oversized device known from section 8.5 was used. In the first
experiment, setup presented in section 5.3 in figure 5.7 was used. The laser was operated
in its point scan mode and positioned over some locations in the device as shown in
figure 9.23. The delay was measured using the definition presented in figure 5.9. The
measurement results are presented in table 9.2.

Figure 9.23.: Delay measurement positions in FET.

Stimulation area Delay Heat transport velocity
Drain 2.6 µs 2.31 m/s
Source 2.6 µs 2.31 m/s
Gate 0.5 µs -

Table 9.2.: LS delays measured for laser beam positioned over various places of the
MOSFET.

The system delay (laser and amplifier) was measured in section 9.2.3 and is equal
to 6.8 µs. The measured and system-delay-corrected values are both presented in the
afore-mentioned table. The LS delay over the drain and source contacts is longer than
the LS delay estimated for the thermoelectric junction (0.664 µs) and is equal to around
2.6 µs. It is longer due to the fact that in the ON state the region most sensitive to
the LS is the FET channel. Therefore, additional time is needed for heat to diffuse to
the channel to effectively alter the device performance. It is also important to note the
very short delay measured with the laser positioned over the gate of the FET. In such a
situation the LS takes place by light absorption in the polysilicon material of the gate,
conversion into heat and diffusion to the channel through the thin gate oxide. This delay
is around 0.5 µs. It is so short be due to two facts. First of all, the light absorption in
polysilicon seems to be faster than the light absorption in the metal surface. Secondly,
the distance between the absorption area (gate) and the channel is very short.
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In figure 9.24 phase shift maps are presented for two various FET operating conditions
and four laser power settings. In both cases gate voltage is kept high (5V). By adjusting
the drain voltage two conditions are provided: no-current (left column) and high-current
(right column).

Figure 9.24.: Phase maps acquired for FET operated in two supply conditions: low-
current (Vg=5V, Vd=0V) and high-current condition (Vg=5V, Vd=5V).
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The TLS in these cases happens through two different effects, as already also discussed
in section 8.5. In the no-current condition the TLS is via Seebeck effect, whereas in high-
current condition is mainly via FET channel resistivity variation (Seebeck effect in the
current path effect can be neglected) or via Seebeck effect on the interfaces in the gate
interconnect,. In the no-current case the phase signals are only detected at the drain and
source contact regions, where the Seebeck effect occurs. In the high-current case the most
sensitive to TLS region is the device channel. The stimulation can be via heat diffusion
from various regions to the channel or via Seebeck effect in the gate interconnection.
The smallest phase (quickest stimulation) is over the gate. The stimulation over the
drain/source contacts and interfaces in the gate interconnect is greater. This can be
seen in figure 9.25 where phase profiles acquired as indicated by the arrows shown in
figure 9.24 are presented.

Figure 9.25.: Phase profiles for the FET operated in the ON state. Profiles acquired (A)
horizontally and (B) vertically as indicated by arrows in figure 9.24.
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In figure 9.26 only horizontal profiles are presented for several laser power settings to
show its influence on the detected phase signals. The profiles correspond to subsequent
images presented in figure 9.24. For low laser power setting the phase in the areas where
the device is less sensitive to temperature is not detected. For instance, the phase is not
detected over the interfaces in the gate interconnect and far away from the FET channel.
As the power is increased the phase gets detected further away from the device channel
and finally also over the interfaces in the gate interconnect. For high enough power the
phase gets detected in places where delays are high enough to produce the phase of the
opposite sign. This is visible on source and well interconnects.

Figure 9.26.: Phase profiles for the FET operated in the ON state and for various laser
power settings. Profiles acquired horizontally as indicated by arrow in
figure 9.24.

9.3.4. 3-D information extraction

In modern devices there are many levels of metallization that interconnect active de-
vices of the IC. The defects can be located in any level of the stack. In such a case, both
frontside and backside regular TLS methods cannot deliver precise information about
the vertical location of the defect. However, studying this phase shift information, or
the extracted timing information (delay, rise time, time constant) one can more pre-
cisely judge upon the location of the subject of interest (defect, current path) in the
metallization stack.
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In order to check the dependence of the phase shift or timing information on the
placement of the defect, anomaly or current path in the stack, a suitable test structure
has been identified. The test structures were via chains located on different level in
the metallization stack and surrounded by the dummy, tailing pad structures. Test
structures were manufactured by AMD in 90 nm technology process. The test structures
were landed via chains located in all interconnect levels beginning from via1 (contacts
between metal 1 and metal 2) and ending with via8 (contacts between metal 8 and metal
9 layer). The schematics of the via1 and via8 chains are shown in figure 9.27 B and A
respectively.

Figure 9.27.: Schematic of the vias chain test structure. A - chain of vias between top
metal layers, B - chain of vias between bottom metal layers.

In order to check the signal level of the TLS in different locations over the test struc-
tures, preliminary measurements have been performed. The reflected light micrographs,
corresponding TLS maps and phase images acquired using setup presented in figure 5.4
with internal digital lock-in amplifier are shown in figure 9.28 for via chains via8, via7
and via6.

The number of contacts in the chain, the dimensions of the contacts and therefore the
entire resistance of the chain vary, depending on which level is via chain located. The via
chains made in top metal layers have big contacts; the number of contacts in the chain
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is therefore the smallest and the resistance the lowest. The via chains located deeper in
the stack have smaller contacts. Therefore, it is possible to have more contacts in the
chain in the same area and the resulting resistance of the chain is higher. The deeper
the via chain is located, the lower thermal stimulation signal is, because of two facts:

a) the via chain is buried deep in the stack is surrounded by the dummy tailing pad
structures so the simulation beam cannot heat the structure directly and only small
fraction of the heat generated at the surface reaches this level,

b) the resistance becomes greater and the resulting current change due to the laser
irradiation is also lower (only when the voltage mode is used and current changes mon-
itored).

The decrease of the TLS signal is visible in figure 9.28 when going from via8 deeper
to via6. In further experiments, via chains down to via1 have been used. For the phase
shift and delay measurements the position characterized by the best laser stimulation
efficiency has been used. This position is marked in figure 9.28 for via8, via7 and via6.
For all the other chains the same locations have been used. It is also important to
mention that the LS in case of structures placed deeper in the stack can be complex. It
can be a mixture of direct and indirect heating as shown in figure 9.29.

Figure 9.28.: Locations of the phase measurements.
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Figure 9.29.: General principle of laser stimulation of the via chain located deep in the
metallization stack.

Setups presented in figures 5.4 and 5.5 have been used for phase shift measurements.
As a part of the setup mentioned in figure 5.4 internal digital lock-in amplifier has been
used, whereas the setup mentioned in figure 5.5 employed analog lock-in amplifier. In
addition, for the setup using digital lock-in amplifier two modulation frequencies have
been used in order to see the influence of the modulation frequency on the measurement
results. Moreover, direct delay measurements have been performed using the setup
presented in figure 5.7. The results of the measurements are shown in figure 9.30. In
image A phase shift as a function of via level is shown. The phase shift increases for
the via chains located deeper in the stack as more time is needed for the effective laser
stimulation of these areas. In addition, the phase depends on the modulation frequency.
The greater is the frequency of the modulation signal, the greater the corresponding
phase shift is. In the setup presented in figure 5.5 no preamplifier was used, so it was
impossible to measure TLS signals and corresponding phase shifts for last two via chains
located at the bottom of the stack (via1 and via2).

Using the method presented in figure 5.12 delay information has been extracted. The
results of this extraction and the results of the direct delay measurements are presented
in image B of figure 9.30.
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Figure 9.30.: A - Phase shift as a function of via chain level, B - Extracted delay and
delay measured on the oscilloscope as a function of via chain level, C -
Extracted delay corrected for the preamplifier delay as a function of the
via chain level.
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The extraction of the delay from the phase shift measured using the setup equipped
with digital lock-in amplifier (figure 5.4) delivers always the same result, regardless of
the used modulation frequency. And that is in agreement with the expectations as the
delay should not depend on the modulation frequency, unless it is too fast for the device
to respond properly. The delay extracted using setup without preamplification and with
the analog lock-in amplifier (5.5) gives different results. The obtained delays are around
7 µm due to the fact that this setup does not have the preamplifier in the signal propa-
gation scheme. This delay has been estimated in section 9.2. For the impedance range
of around 20kΩ-50kΩ (which is valid for all used via chains) the delay of the preamplifier
is 6.8 µs. This delay and laser-related delay have been extracted. The results are pre-
sented in image C of figure 9.30. There is some difference between the delays extracted
from the phase and the delays measured directly on the screen of the oscilloscope but
still the results stay in quite good agreement and show the same tendency as a function
of the depth in the metallization stack. As far as this dependence is concerned, one
can distinguish two slopes. For the top 4-5 vias the slope is lower as direct heating,
as presented in 9.29 dominates. For the vias located deeper in the stack indirect heat-
ing contributes more to the net phase shift and therefore the slope is higher. One can
also extract specific stimulation dynamics factor (averaged velocity) as it has been done
for the 2-via device and metallic interconnect. For the structures located in the top
4-5 layers this factor is 1.5 m/s while for the structures located in the bottom 4 layers
the resulting factor is about 0.5 m/s. This numbers are also summarized in the table 9.3.

Location in the stack Delay Heat transport velocity
via1 - via3 2 s/m 0.5 m/s
via4 - via8 0.67 s/m 1.5 m/s

Table 9.3.: Stimulation dynamics factors for devices located in the metallization stack.

LS dynamics imaging. As already presented for the 2-via device (thermoelectric junc-
tion), the use of internal Hamamatsu digital lock-in amplifier enable the observation of
the LS signal evolution. Figure 9.31 shows the evolution of the stimulation signals for
via chains via8 down to via3 connected in series. As via chains located deeper in the
metallization stack respond slower to the laser stimulation they appear later in time on
the phase LS maps.
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Figure 9.31.: TLS signal evolution imaging using phase sensitive detection with internal
digital lock-in amplifier.

9.4. Summary and conclusion

In this chapter LS dynamics characterization results have been presented and discussed
in detail. Following devices have been characterized in terms of LS dynamics:

• metallic interconnect

• thermoelectric junction (2-via device)

• field effect transistor

• multpile via chains located at different levels of the metallization stack

The numbers characterizing the dynamics of LS for these devices are summarized in
the table 9.4.

The results obtained for various device types deliver consistent results. Using very
narrow metallic interconnect (infinitely thin wire case) not masked by any other metal
layers, delivers a heat transport velocity of around 0.83 m/s. This evaluated velocity
characterizes mainly the vertical heat transport. For wider metal wires, the heat trans-
port velocity cannot be estimated as the exact distances that heat needs to pass are not
known. However, from the slopes of the characteristic in figure 9.6 (regions B and C) one
can roughly read out that the heat transport velocity is greater than the one estimated
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for the infinitely thin interconnect. This indicates that whenever lateral heat diffusion
is a factor contributing to the overall LS dynamics, the entire process is faster.

Metallic
interconnect

Slope
/

Delay*

Heat
transport
velocity

Comments

Infinitely thin
interconnect

0.6 µs 0.83 m/s Width of the wire much lower than
laser spot size. Only vertical heat

diffusion.
Themoelectric

Junction
Slope

/
Delay*

Heat
transport
velocity

Comments

Stimulation at
the contact

0.664
µs

1.51 m/s Vertical heat diffusion

Laser moved
away from the

contact

0.177
s/m

5.65 m/s Lateral heat diffusion

FET Delay Heat
transport
velocity

Comment

Drain 2.6 µs 2.31 m/s Approximate distance to FET
channel - 6 µm

Source 2.6 µs 2.31 m/s Approximate distance to FET
channel - 6 µm

Gate 0.5 µs - -
Multpile via

chain
Slope Heat

transport
velocity

Comment

via1 - via3 2 s/m 0.5 m/s Bottom levels
via4 - via8 0.67

s/m
1.5 m/s Top levels

Table 9.4.: Summary of laser stimulation dynamics factors for all devices.

Increasing the complexity by adding additional layer and vias (Al-Via-PolySi test
structures, also named as thermoelectric junction) delivers further proof behind the the-
ory that the vertical heat diffusion is slower than lateral heat diffusion. Stimulation
at-the-contact (light absorption, conversion to heat and vertical (around 1 µm) heat dif-
fusion) gives the average heat transport velocity of 1.51 m/s. The exact number depends
strongly on the distance that is used to calculate it. In fact, in case of thermoelectric
junction device, where the LS signal is generated via Seebeck effect, it is not easy to
define the distance that the heat needs to pass before the thermoelectric voltage is effec-
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tively generated. If one took a distance of i.e. 0.5 µm, the heat transport velocity would
be around 0.75 m/s and would be then similar to the value obtained for the infinitely
thin metal interconnect. In the experiment in which the laser was moved away from the
contact (where the stimulation takes place via Seebeck effect) pure lateral heat diffusion
properties could be estimated. The resulting heat transport velocity is equal to 5.65 m/s,
what is another very strong proof for the lateral heat diffusion to be very quick contrib-
utor to the stimulation dynamics, as compared to the heat transport in vertical direction.

Another device applied to study the LS dynamic behaviour was field effect transis-
tor. The delays have been measured over most important device areas, namely: drain,
source and gate. When stimulating at drain and source contact the heat needs to pass
significant distance to reach the place which is most sensitive to temperature variations,
namely the channel of the transistor. The heat diffuses first vertically in metal and con-
tinues laterally in silicon material. The heat transport velocity estimated for the LS at
the drain and source is 2.31 m/s. It is lower than the one calculated for heat transport
in aluminium (5.65 m/s). However, this can be easily explained taking into account the
fact that the medium the heat is transported in, in case of FET is mostly silicon, and
there is a significant difference in the thermal conductivities of these materials. Thermal
conductivity of aluminium at room temperature is 237 W/mK whereas thermal conduc-
tivity of silicon material is 130 W/mK.

In state-of-the-art ICs there are many levels of metallization necessary to successfully
interconnect all active devices and realize the desired functionality. A test structure
consisting of devices located at various level in the metallization stack has also been
employed to check the dynamics of the LS applied to such devices. The heat transport
velocity estimated for devices located in the top levels of the metallization stack is 1.5
m/s which is similar to the factors estimated for other devices discussed before. These
devices were not masked by any additional metal layers. For devices located deeper in
the stack, there are many levels of metallization that mask the devices making direct
laser stimulation impossible. Only indirect stimulation, through heat diffusion down to
the DUT is possible. The heat diffuses from many sources that are located above. By
the source we understand the place where the light was converted to heat after being
absorbed in the metal surface directly illuminated by a laser beam. The heat diffuses
down passing many interfaces of materials (vias) and also isolation layers (located right
above the DUT to isolate it electrically from the surroundings). This results in an
average heat transport velocity of 0.5 m/s. It is slower than the one estimated for the
devices located in the top levels. However, this difference was expected and is consistent
with the argumentation presented above.
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Part VI.

Summary, conclusions and future
prospects
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9.5. Summary and conclusions

In this work the static and dynamic laser stimulation of various IC components has been
performed and the interaction of the laser beam with the devices has been character-
ized. Laser beams of two wavelengths have been used, 1.064 µm and 1.3 µm, in order
to be able to perform photoelectric and thermal stimulation, respectively. Oversized
devices manufactured in old, 0.65 µm technology have been used on order to be able to
resolve the effects of stimulation over various device regions. The following devices or
test structures have been used in experiments: metallic interconnect, polysilicon resistor,
thermoelectric junction, via chains, p-n junction, MOS field effect transistor. In order
to perform the static LS, regular LS setup has been used with minor modifications to
enable the observation and analysis of the LS signals on the screen of the digital oscil-
loscope. The analysis of the LS dynamics required addition of the lock-in amplifier unit
for phase detection purpose.

Static laser stimulation (SLS) of basic IC components has been performed in the first
part of the work. Metallic interconnect, polysilicon resistor, thermoelectric junction,
p-n junction and MOSFET were the devices analyzed with SLS. Metallic interconnect
reaction to the LS is via local resistance variation as a result of local heating. In this
particular case the wavelength of the laser beam used for the stimulation does not play
any role and the stimulation is always thermal. If the voltage is applied to the device
and the current is flowing, the variation (usually an increase) of resistance will result
in the current variation (decrease). Polysilicon resistor reaction to LS depends on the
wavelength of light that is used for stimulation and on the electrical condition. If 1.064
µm laser beam is used, the stimulation is photoelectric. Such energetic beam injects e-h
pairs in silicon pairs which then locally decrease the resistance, thus increasing the cur-
rent. When 1.3 µm laser beam is used, e-h pairs cannot be injected and the stimulation
is thermal through the absorption of light on free carriers. In such a case, similarly to the
metallic interconnect case, the resistance is locally increased and the current is decreased.
In case of thermoelectric junction stimulated by the laser beam the reaction is thermal,
regardless of the applied wavelength. However, resistance variation is not the only effect
of the local temperature variation. In addition, as a result of local temperature gradients,
the thermoelectric voltage is generated (so called Seebeck effect). Stimulation of the p-n
junction and MOSFET depends on all possible factors: light wavelength, frontside or
backside approach, electrical condition and stimulated area. Depending on the choice of
these conditions the stimulation can be thermal, photoelectric or combination of both.
Pure photoelectric stimulation is only when zero voltages are applied to the terminals
of the device. In case of MOSFET laser stimulation, the following interesting trend
has been observed. Namely, for the devices with shorter channel, analyzed from the
frontside, the TLS signal over interconnects of the device started to become a dominant
factor in comparison to the PLS signal generated in the vicinity of the drain junction,
mostly due to masking effect. One can anticipate that for smaller devices, manufactured
in more recent technologies, this effect is even more pronounced and the PLS may turn
out to be negligible in comparison to the TLS. However, for devices manufactured in
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newer technologies frontside analysis is rarely possible anyway, so the observed effect
should not limit the applicability of PLS.

Dynamic laser stimulation (DLS) has been performed for variety of devices. The
following basic IC components have been analyzed in terms of the dynamic behaviour
of LS process: metallic interconnect, thermoelectric junction and MOSFET. There were
many important findings. First of all, one needs to be aware of the fact that the LS
system dynamics may be a significant contributor to the overall dynamics. The LS
system dynamics needs to be taken into account in any qualitative studies. In case of LS
of metallic interconnect it turned out that the stimulation process dynamic behaviour
scales down with the interconnect width. As far as the thermoelectric junction device
is concerned, the LS is the quickest when performed as close to the thermoelectrically
active interface as possible. An experiment has also been performed which enabled to
extract the pure lateral heat diffusion velocity in the aluminium material. The estimated
velocity is equal to 5.65 m/s. Analysis of the thermoelectric junction device has been
performed from the frontside and backside of the chip in order to check if there is any
impact of frontside/backside approach on the LS dynamics. It turned out that there
is only a minor influence and can be neglected. The analysis of the dynamic TLS of
the MOSFET revealed, that the device responds most quickly when stimulated at the
gate. The stimulation over other device’s terminals is slower as it requires additional
time for heat to diffuse to the channel of the device, which is the region most sensitive
to temperature variation.

In addition, a test structure of several via chains has been used to characterize the
dynamic behaviour of the LS of the devices localized at different levels in the metalliza-
tion stack, to check the applicability of the DLS to 3-D device/defect localization. Two
average heat transport velocities could be assigned to the LS processes. The devices
localized in the top levels of the metallization stack respond to the LS with the average
velocity of 1.5 m/s which characterizes the average effect of direct and indirect heating.
The devices localized in the bottom levels of the metallization stack respond slower to
the LS and the resulting velocity of 0.5 m/s is a result of indirect heating only. This
knowledge may help in identification of the exact location of devices or defective areas
in multi-level metallization stacks.

9.6. Future prospects

The characterization of static and dynamic laser stimulation of basic IC components
and understanding of the laser interaction with these basic devices is very important
and necessary for more complex analyses that are often today and will become everyday
life in the nearest future. The oversized devices, manufactured in older technologies,
used in this work, were chosen intentionally, in order to be able to analyze, in detail, the
interaction of the laser beam with the device and be able to resolve possible stimulation
effects as obtained when illuminating various device areas. This kind of resolution would
not be possible for smaller devices, as for instance manufactured in more recent technolo-
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gies. Without the knowledge gained during such basic characterization, the approaches
to analyze the circuits characterized by very high integration density of submicron com-
ponents, would be very challenging, if not impossible at all.

Now, equipped with this knowledge, the most important step forward would be to
perform the characterization of laser interaction with the devices manufactured in more
recent technologies. It would also be important, instead of using simple, single devices
and test structures, to try to apply the LS techniques to more complex circuits and check
how, the so far gained knowledge, eases the understanding of laser stimulation effects
during such advanced analysis.

Another prospect of future activities is to use laser beam of wavelengths other than the
two used in this work. It would be ideal to use few laser light sources of the wavelengths
in visible and infrared region, in order to see how the interaction effects vary with the
applied light wavelength.
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This part catalogues in detail the laser stimulation measurement results performed on
the transistors mentioned in chapter V. The results of the LS of the transistors with
channel length of 2 µm and 1.8 µm have already been included there in detail. The
results of the LS analysis for the other devices, namely 1 µm and 0.7 µm have only been
used as compared to the longer channel devices in the section 8.6.3. Here, all the results
are given without further description.
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10. Laser stimulation results of 1 µm
MOSFET

10.1. Frontside LS

10.1.1. 1.064 µm LS

Figure 10.1.: 1.064 µm frontside profiles for various bias conditions for a MOSFET with
the channel length L = 1 µm

Figure 10.2.: 1.064 µm frontside LS profiles for various bias conditions for a MOSFET
with the channel length L = 1 µm
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Figure 10.3.: 1.064 µm frontside LS profiles for VD = 5V and various gate voltages for a
MOSFET with the channel length L = 1 µm.

Figure 10.4.: 1.064 µm frontside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 1 µm.
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Figure 10.5.: Frontside, 1.064 µm LS profiles of a MOSFET with channel length of 1
µm for various bias conditions: a) maximum, b) left minimum (source), c)
right minimum (drain).
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10.1.2. 1.3 µm LS

Figure 10.6.: 1.300 µm frontside LS profiles for various bias conditions for a MOSFET
with the channel length L = 1 µm

Figure 10.7.: 1.300 µm frontside LS profiles for various bias conditions for a MOSFET
with the channel length L = 1 µm
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Figure 10.8.: 1.300 µm frontside LS profiles for VD = 5V and various gate voltages for a
MOSFET with the channel length L = 1 µm.

Figure 10.9.: 1.300 µm frontside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 1 µm.
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Figure 10.10.: Frontside, 1.300 µm LS profiles of a MOSFET with channel length of 1
µm for various bias conditions: a) maximum, b) left minimum (source),
c) right minimum (drain).
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10.2. Backside LS

10.2.1. 1.064 µm LS

Figure 10.11.: 1.064 µm backside LS profiles for various bias conditions for a MOSFET
with the channel length L = 1 µm

Figure 10.12.: 1.064 µm backside LS profiles for various bias conditions for a MOSFET
with the channel length L = 1 µm
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Figure 10.13.: 1.064 µm backside LS profiles for VD = 5V and various gate voltages for
a MOSFET with the channel length L = 1 µm.

Figure 10.14.: 1.064 µm backside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 1 µm.
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Figure 10.15.: Backside, 1.064 µm LS profiles of a MOSFET with channel length of 1
µm for various bias conditions: a) maximum, b) left minimum (source),
c) right minimum (drain).
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10.2.2. 1.3 µm LS

Figure 10.16.: 1.300 µm backside LS profiles for various bias conditions for a MOSFET
with the channel length L = 1 µm

Figure 10.17.: 1.300 µm backside LS profiles for various bias conditions for a MOSFET
with the channel length L = 1 µm
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Figure 10.18.: 1.300 µm backside LS profiles for VD = 5V and various gate voltages for
a MOSFET with the channel length L = 1 µm.

Figure 10.19.: 1.300 µm backside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 1 µm.
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Figure 10.20.: Backside, 1.300 µm LS profiles of a MOSFET with channel length of 1
µm for various bias conditions: a) maximum, b) left minimum (source),
c) right minimum (drain).
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11. Laser stimulation results of 0.7 µm
MOSFET

11.1. Frontside LS

11.1.1. 1.064 µm LS

Figure 11.1.: 1.064 µm frontside profiles for various bias conditions for a MOSFET with
the channel length L = 0.7 µm

Figure 11.2.: 1.064 µm frontside LS profiles for various bias conditions for a MOSFET
with the channel length L = 0.7µm
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Figure 11.3.: 1.064 µm frontside LS profiles for VD = 5V and various gate voltages for a
MOSFET with the channel length L = 0.7 µm.

Figure 11.4.: 1.064 µm frontside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 0.7 µm.
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Figure 11.5.: Frontside, 1.064 µm LS profiles of a MOSFET with channel length of 0.7
µm for various bias conditions: a) maximum, b) left minimum (source), c)
right minimum (drain).
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11.1.2. 1.3 µm LS

Figure 11.6.: 1.300 µm frontside LS profiles for various bias conditions for a MOSFET
with the channel length L = 0.7 µm

Figure 11.7.: 1.300 µm frontside LS profiles for various bias conditions for a MOSFET
with the channel length L = 0.7 µm
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Figure 11.8.: 1.300 µm frontside LS profiles for VD = 5V and various gate voltages for a
MOSFET with the channel length L = 0.7 µm.

Figure 11.9.: 1.300 µm frontside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 0.7 µm.
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Figure 11.10.: Frontside, 1.300 µm LS profiles of a MOSFET with channel length of 0.7
µm for various bias conditions: a) maximum, b) left minimum (source),
c) right minimum (drain).
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11.2. Backside LS

11.2.1. 1.064 µm LS

Figure 11.11.: 1.064 µm backside profiles for various bias conditions for a MOSFET with
the channel length L = 0.7 µm

Figure 11.12.: 1.064 µm backside LS profiles for various bias conditions for a MOSFET
with the channel length L = 0.7µm

213



Figure 11.13.: 1.064 µm backside LS profiles for VD = 5V and various gate voltages for
a MOSFET with the channel length L = 0.7 µm.

Figure 11.14.: 1.064 µm backside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 0.7 µm.
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Figure 11.15.: Backside, 1.064 µm LS profiles of a MOSFET with channel length of 0.7
µm for various bias conditions: a) maximum, b) left minimum (source),
c) right minimum (drain).
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11.2.2. 1.3 µm LS

Figure 11.16.: 1.300 µm backside LS profiles for various bias conditions for a MOSFET
with the channel length L = 0.7 µm

Figure 11.17.: 1.300 µm backside LS profiles for various bias conditions for a MOSFET
with the channel length L = 0.7 µm
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Figure 11.18.: 1.300 µm backside LS profiles for VD = 5V and various gate voltages for
a MOSFET with the channel length L = 0.7 µm.

Figure 11.19.: 1.300 µm backside LS profiles for VG = 5V and various drain voltages for
a MOSFET with the channel length L = 0.7 µm.
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Figure 11.20.: Backside, 1.300 µm LS profiles of a MOSFET with channel length of 0.7
µm for various bias conditions: a) maximum, b) left minimum (source),
c) right minimum (drain).
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12. Tool specifications

This appendix includes the specification of tool and instruments used in the experiments
presented in this dissertation.

12.1. PHEMOS-1000

12.1.1. Microscope objective characteristics

Microscope
objective

magnification

Numerical
apperture

(NA)

1.300 µm laser
beam spot

diameter [µm]

1.064 µm laser
beam spot

diameter [µm]
5x 0.14 11.33 9.27
20x 0.42 3.78 3.09
50x 0.76 2.09 1.71
100x 0.5 3.17 2.6

Table 12.1.: Microscope objective and laser beam characteristics.

12.1.2. Preamplifier characteristics

MODE
=⇒=⇒=⇒=⇒

Standard voltage
amplifier

Standard current
amplifier

High sensitivity
current amplifier

Voltage range 10mV - 10V 10mV - 10V 10mV - 25V
Maximum

current
100mA 100mA 100µA

Detectability 50µV 10nA 10pA
Amplification 102 V/V 106 V/A 107 V/A

Table 12.2.: Basic preamplifier characteristics.
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