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ABSTRACT

Electrical characterization of semiconductor surfaces has been a subject of interest for decades.
The realization of devices using ultra-thin film semiconductor specimens entails a thorough
understanding of surface properties, it’s response to various physical and chemical treatments,
behavior of electrical defects present at the surface, near-surface carrier profiles, mobilities and
potential distributions. These parameters have been effectively measured for bulk semiconductors
using well-established commercial tools, and fairly reproducible results have been produced and
published. However, the final device performance will depend on and be reflected by surface
dominated phenomena because only the near-surface region is contributing towards the ‘active’ layer
in the device operation, and most of the tools fail to characterize this region. Therefore, a fast,
reliable and non-destructive in-situ characterization technique is required to monitor and quantify the
quality of the surface and sub-surface regions in thin-film structures. Near-surface photoconductance decay tool utilized in this work makes an attempt in this regard by measuring the near
surface minority carrier decay lifetime after the cessation of an external excitation provided in the
form of a laser pulse.

Previous works done using this tool demonstrate its sensitivity to surface treatments and the
ability of the tool to capture changes in the semiconductor surfaces, interfaces, and three-dimensional
structures. This work particularly focusses on exploring the capability of the tool to respond to
different excitation wavelengths and intensities. Bulk silicon and germanium samples have been used
to demonstrate this experiment by measuring the ‘effective’ minority carrier lifetime. An attempt is
made to distinguish the surface lifetime from its bulk counterpart, depending on the difference in the
nature of defects, thus leading to ‘defect specific photo-conductance’. Theoretical background of this
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concept has been summarized and verified by experimental data on electronic grade bulk n-type and
p-type silicon under different surface conditions. Silicon-on-Insulator (SOI) technology is a keystone
in the development of thin-film nano-scale devices. This work presents the characterization of SOI
samples with top layer thicknesses in the same range, but manufactured using different fabrication
techniques. Because of the inherent physical separation of the ‘active’ layer from the bulk through a
dielectric, the lifetimes measured essentially reflect the properties of the active film. A comparative
study of the carrier decay curves with surface changes is done for these thin films, and calculations
for the intensities in terms of concentration of photo-carriers generated are also included.

iv

TABLE OF CONTENTS

LIST OF FIGURES ............................................................................................................................. vii
LIST OF TABLES ................................................................................................................................ ix
ACKNOWLEDGEMENTS ................................................................................................................... x

Chapter 1 INTRODUCTION ................................................................................................................. 1
Chapter 2 BACKGROUND ................................................................................................................... 3
2.1 Silicon-on-Insulator Material System .......................................................................................... 3
2.1.1 Motivation- Need for SOI ..................................................................................................... 3
2.1.2 History and Technological Evolution.................................................................................... 4
2.1.3 Recent Developments ............................................................................................................ 7
2.1.4 Characterization Techniques for SOI .................................................................................... 8
2.2 Photo-Conductance Decay ......................................................................................................... 11
2.2.1 Theoretical Model: Generation-Recombination .................................................................. 11
2.2.2 Absorption in Semiconductors ............................................................................................ 14
2.2.3 Carrier Profiles after Illumination Turn OFF ...................................................................... 16
2.2.4 Surface Recombination Velocity......................................................................................... 18
2.2.5 Effective Minority Carrier Lifetime .................................................................................... 20
2.3 Defect Specific Photo-conductance ........................................................................................... 22
2.3.1 Barrier Controlled Recombination ...................................................................................... 22
2.3.2 Photo-Conductance Decay through Extended Defects ....................................................... 24
Chapter 3 SCOPE AND OBJECTIVES .............................................................................................. 26

v

Chapter 4 EXPERIMENTAL PROCEDURE...................................................................................... 27
4.1 Sample Details ........................................................................................................................... 27
4.2 Experimental Set-up ................................................................................................................... 29
4.2.1 Excitation Sources ............................................................................................................... 29
4.2.2 Measurement Procedure ...................................................................................................... 30
4.3 Minority Carrier Lifetime Determination .................................................................................. 32
4.3.1 Determination of Effective Lifetime ................................................................................... 32
4.3.2 Surface and Bulk Lifetime components – DSPC ................................................................ 33
Chapter 5 RESULTS AND DISCUSSIONS ....................................................................................... 36
5.1 Measurements on Bulk Samples- Sensitivity to Wavelength .................................................... 36
5.2 Experimental Verification of DSPC ........................................................................................... 40
5.3 Results on SOI............................................................................................................................ 45
5.3.1 Pseudo-MOSFET Analysis ................................................................................................. 45
5.3.2 Comparative PCD results with surface changes .................................................................. 48
Chapter 6 SUMMARY AND CONCLUSIONS .................................................................................. 54
6.1 Summary .................................................................................................................................... 54
6.2 Limitations and Future Work ..................................................................................................... 55
Appendix-A MATLAB Code ............................................................................................................... 57
Appendix-B Calculations for carrier generation in different samples .................................................. 61
Appendix-C Near-Surface PCD measurement tool setup..................................................................... 65
REFERENCES .................................................................................................................................... 66

vi

LIST OF FIGURES

Fig. 2-1 Schematic representation of CMOS implementation on SOI (substrate is not shown) ........... 4
Fig. 2-2 Process flow of SIMOX technique [14] ................................................................................... 5
Fig. 2-3 Process flow of wafer bonding using Smart-CutTM [13] .......................................................... 6
Fig. 2-4 Schematic Representations of PD-SOI and FD-SOI [17] ........................................................ 7
Fig. 2-5 Non-Planar transistor architectures realized using UTB FD-SOI [5] ...................................... 8
(a) Gate-All-Around FET
(b) Tri-gate FET
Fig. 2-6 Principle of operation of Pseudo-MOSFET Characterization for SOI [19] ............................. 9
Fig. 2-7 SRH Recombination Mechanism showing carrier capture and emission [22] ....................... 13
Fig. 2-8 Absorption Co-efficients vs Photon Energy for ..................................................................... 15
(a) Silicon [23]
(b) Germanium [24]
Fig. 2-9 Excess Carrier profiles after Illumination Turn OFF for a thick n-Si sample [26] ................ 17
Fig. 2-10 Space averaged carrier profiles for Impulse, Square and Gaussian Excitation [26] ............ 19
Fig. 2-11 Two distinct slopes of logarithmic of carrier decay [28] ..................................................... 21
Fig. 2-12 Barrier Controlled Recombination in the near-surface region of n-type SC [4] .................. 23
Fig. 4-1 Conceptual Block Diagram of ns-PCD tool ........................................................................... 32
Fig. 4-2 Effective Minority Carrier Lifetime calculation [2] ............................................................... 33
Fig. 4-3 Typical Decay Plots for a sample vs. time (on log scale) [4] ................................................. 35
Fig. 5-1 PCD plots for p-Si after HF treatment corresponding to three illumination wavelengths ..... 37
Fig. 5-2 Decay Curves for p-Si 10 days after HF etch ......................................................................... 38
Fig. 5-3 Variation of Minority Carrier Lifetime and Absorption Depth with wavelength in p-Ge ..... 40
Fig. 5-4 Normalized photo-conductance decay curves for n-Si under surface inversion .................... 41
vii

Fig. 5-5 PCD curves for n-Si after SC1 clean plotted vs time on log scale ......................................... 42
Fig. 5-6 Normalized Photo-conductance decay for p-type Si after HF etch with time axis on log scale
for investigating Defect Specific Photo-conductance .......................................................................... 43
Fig. 5-7 Drain current vs. Gate Voltage for pseudo-MOS in linear region of operation at VD = 1 V
from VG = -10 V to +25 V for (a) SOI-Sample 1 (b) SOI-Sample 2 .................................................. 47
Fig. 5-8 PCD curves in SOI Sample-1for three different wavelengths ............................................... 48
Fig. 5-9 Normalized PCD Curve for un-etched SOI Sample-1 ........................................................... 50
Fig. 5-10 Normalized PCD Curves for SOI-Sample 1 etched for different time intervals .................. 51
Fig. 5-11 PCD Comparison results for Smart-CutTM and SIMOX SOI Structures .............................. 52
Fig. 6-1 Reflection Co-efficient as a function of photon energy for (a) Si [36] (b) Ge [24] ............... 61
Fig. 6-2 Spectral Response of Silicon as a function of wavelength [38] ............................................. 63
Fig. 6-3 Near Surface PCD Measurement Tool Set up ........................................................................ 63

viii

LIST OF TABLES

4.1 Electrical Parameters of the SOI samples ………………….…………………………………….29
4.2 Typical Voltage, Power and Photon Energy for the laser diodes……………………………….. 30
6.1 Excess carrier concentrations (in cm-3) at the end of the illumination pulse……………………..64
for different samples at different excitation wavelengths

ix

ACKNOWLEDGEMENTS
This work would not have been possible without support from several individuals. Firstly, I
would like to thank Dr. Jerzy Ruzyllo, my thesis advisor, for his continuous guidance, support and
encouragement throughout this research and during my graduate studies in the Department of
Electrical Engineering at Penn State. The instrumental early development of and work on this tool
was done by Dr. Patrick Drummond. I would like to thank him for detailed interactions on tool setup
and discussions on results. Dr. Srinivas Tadigadpa, for agreeing to be on my committee. Dr. Thomas
Jackson, for his valuable suggestions and guidance in the later part of this work. I would also like to
thank my friends and graduate students Nishit Goel, for performing Reactive Ion Etching on SOI
samples; and Deepak Agrawal, for helping me in the development of code for lifetime calculation.

I would like to take this opportunity to thank Dr. M.S. Tyagi, who inspired me to pursue
graduate studies in the field of semiconductors. Lastly, I would like to thank my parents, my fiancée
and my brother for their trust and emotional support.

x

Chapter 1
INTRODUCTION

The semiconductor applications industry is growing at a very fast pace and this can be largely
attributed to the advancement in device design and fabrication technologies. Improved device
performance in terms of increased clock speed and reduced power dissipations has been the
motivation to scale device dimensional features. With the advent of transistors realized on SOI
substrates and non-planar device structures, there is an increasing need to explore characterization
techniques which can predict the final device performance at early stages of fabrication to reduce the
overall of cost of fabrication. This requires the measurand under observation to be directly related to
device performance, and also that the region being characterized is critical to the performance (for
instance, ultra-thin top-layers in case of planar SOI and fin structures in case of non-planar threedimensional transistor structures like FinFETs).

Minority carrier lifetime has been a key parameter in assessing the purity of semiconductor
surfaces, the effectiveness of various chemical treatments on different crystallographic structures [1],
the effectiveness of surface passivation techniques [2], the quality of fin-side walls [3] in quantum
well fin-structures etc. The PCD technique employed in this thesis involves a simple tool built
around a probe station in which temporary ohmic contact is formed with the semiconductor specimen
and the change in the photo-conductance of the sample is measured after an illumination pulse.
Thereafter the minority carrier lifetime is calculated from the decay characteristics. The initial setup
of the tool including the computer interface was done by Patrick Drummond as a part of his PhD.
dissertation [1]. The tool can be easily modified depending on the geometry and nature of the sample
to be tested, for instance, using fixed probe force through weights on an external probing arm for
1

high resistivity samples without patterned contact pads, or using microscope equipped probe station
for probing small geometry samples with patterned metallic contact pads. The details of the setup
used in this thesis are described in Chapter 4 along with the measurement procedure.

This thesis utilizes the PCD tool to differentiate the surface and bulk specific lifetimes for
excitation wavelengths covering a broad spectrum ranging from UV (405nm), visible (658nm), near
IR (980nm) and IR (1.5um). The response of the material system to different wavelengths is analyzed
and compared. The approach has been carried forward to characterize the thin film Silicon-onInsulator materials having different physical features and electrical parameters. The second chapter
describes the requirements and developments in the field of the material system under considerationSOI. Then it presents the background theory of excess carrier generation and recombination in
semiconductors including the expected excess carrier profiles and estimation of surface
recombination velocities. Some of the electrical characterization tools being used in the industry have
also been mentioned. This chapter also describes in brief the concept of barrier controlled
recombination in near-surface regions for bulk samples and replaces the widely accepted parameter
SRV with time dependent surface recombination rate, separating the bulk effects from surface using
defect specific photo-conductance [4]. The third chapter defines the overall scope and objective of
the project. Details of the experimental setup, lasers being used, and the measurement procedure of
minority carrier lifetime are mentioned in chapter 4. Sample details including the parameters of the
materials characterized in this work and different surface treatments they are subjected to are also
described in this chapter. Chapter 5 presents the experimental results for the tests carried out in this
research, and analyzes the results by complementing them with the related theory. Finally chapter 6
summarizes the work done and concludes the thesis by presenting some possible ideas for future
work and some limitations of the technique.
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Chapter 2
BACKGROUND
2.1 Silicon-on-Insulator Material System

2.1.1 Motivation- Need for SOI

SOI structures consist of a thin film of silicon (single-crystalline, primarily) separated from the
bulk using an intermediate layer of dielectric. The choice of dielectric is application driven, with
silicon dioxide used primarily in micro and nano-electronic ICs, and sapphire for high temperature
RF applications. In 1970’s the main motivation for SOI was to improve the radiation hardness of
circuits, i.e. minimizing the effect of ionizing radiations on device performance [5]. In CMOS
technology, continuous scaling of transistor dimensions in compliance with Moore’s Law faced
critical challenges while employing bulk silicon as the material of choice. Below the 60 nm
technology node, these challenges primarily include short channel effects like sub-threshold leakage,
drain-induced barrier lowering, and increased parasitics among many more. Using SOI reduces the
parasitic capacitances associated with the source-bulk and drain-bulk junctions, thus considerably
increasing the device speed. Furthermore, due to the isolation of n and p-well structures, the problem
of latch-up between complementary devices is also eliminated. SOI has been considered as a key
solution to reduce short channel effects in nano-scale devices by improving the gate electrostatics
and gate control over the channel [6], [7]. Currently, SOI is the material of choice for implementing
the three dimensional tri-gate transistors resulting in improved sub-threshold swing, reduced DIBL
effect and increased drive current [8], thus being instrumental in low-power low voltage ULSI
circuits . The following figure illustrates the schematic of a transistor implemented on SOI.
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Fig. 2-1 Schematic representation of CMOS implementation on SOI (substrate is not shown)

2.1.2 History and Technological Evolution

Silicon-on-Sapphire

Silicon-on-sapphire substrates were sought after as a viable alternative to conventional bulk
silicon in CMOS technology in early 1980’s [9]. They were supposed to eliminate the need for field
oxides and channel stop implants, thus improving the scalability, and offered better radiation
hardness compared to silicon dioxide. However, a high defect density at the silicon-sapphire interface
(due to lattice mismatch) necessitated higher film thicknesses which prevented its further application.
SOS has been revived with its use in high performance RF circuits.

SiO2 as the dielectric

IBM was the first to demonstrate the industrial implementation of SOI in 1998 [10]. Though,
there have been many attempts at establishing a successful growing technique for SOI, starting from
dielectric isolation to techniques like solid phase epitaxy, ELTRAN etc. [11], only two methods have
gained significant industrial attention. These are SIMOX- separation by implantation of oxygen, and
wafer bonding processes. As the name suggests, in SIMOX, the insulator layer is created by
4

implanting high energy oxygen ions in the substrate, and then heating the wafer to oxidize silicon. In
this way, a uniform BOX (buried oxide) layer is created isolating bulk from top layer. Ref. [5]
provides a brief description of the process and its different variants including growing thinner and
patterned buried oxides. Ref [12] reviews some of its device and circuit applications.

Wafer bonding by Smart-Cut

TM

process includes two wafers, one of which is capped with a

dielectric (typically SiO2). This wafer is implanted with hydrogen and its hydrophilic bonding is then
performed with a second wafer. This is followed by heat treatment in which the implanted wafer is
cleaved along the H2 plane, leaving an SOI wafer and the remainder of first wafer. The SOI wafer is
finally polished to remove the micro-roughness [13]. Figures 2.2 and 2.3 are pictorial representations
of process flows of SIMOX and wafer bonding techniques respectively.

Fig. 2-2 Process flow of SIMOX technique [14]
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Fig. 2-3 Process flow of wafer bonding using Smart-CutTM [13]

PD and FD SOI

When the top layer Si is thick enough such that the depletion region beneath the gate does not
cover its entire depth, then the structure is called Partially-Depleted SOI. Devices fabricated on PDSOI, though improving the sub-threshold characteristics, have a floating body terminal and generally
suffer from kink effect [15], which can become pronounced in case of high doping of the neutral
region leading to hysteresis in Id-Vgs curves and transistor latch up. Fully depleted SOI, on the other
hand, do not have any neutral body region and the depletion-region extends through the entire top
layer. The absence of neutral base region eliminates the possibility of a floating body, thus
overcoming the limitation of PD-SOI. Transistors implemented on FD-SOI are generally marked by
higher drive currents, low leakage couple and steeper sub-threshold slopes because of improved gate
6

electrostatics. Additionally, these structures have lower device variability and allow for a CMOS
technology with an undoped-body [16] . The thickness of the top silicon layer varies from 10-50 nm.

Fig. 2-4 Schematic Representations of PD-SOI and FD-SOI [17]

2.1.3 Recent Developments

With the ultra-thin body, FD- SOI planar technology, channel lengths upto sub-35 nm were
implemented with no difficulty. However, at further reduced dimensions, short-channel effects like
DIBL and charge-sharing between the gate and source-drain terminals act as a roadblock for scaling
below these dimensions. Further under such restricted geometries, effects associated with quantum
confinement and ballistic transports have to be dealt with. A breakthrough occurred in the transistor
architecture when the conventional planar architecture was replaced by non-planar three-dimensional
structures. The concept was first initiated using two gates in the conventional FD-SOI process which
resulted in a better gate control over the inversion charge and reduced DIBL effects. The threedimensional structures were later materialized in the form of non-planar Double-Gate, Tri-gate and
Gate-All-Around (GAA) MOSFETs. Fig. 2.5 shows the concept of these non-planar structures.
7

Fig. 2-5Non-Planar transistor architectures realized using UTB FD-SOI [5]
(a) Gate-All-Around FET
(b) Tri-gate FET

2.1.4 Characterization Techniques for SOI

This section mentions in brief about some of the key techniques used for the electrical
characterization of ultra-thin film SOI structures before the final device is fabricated on them.
Establishing a stable tool which can effectively and reproducibly accomplish this task will lead to
significant reductions in the cost of manufacturing. Since the next generation transistors have highly
scaled channel lengths, and the thickness of the top film varies roughly as L/4 (where L is the
channel length)[18], the film thicknesses below 45nm technology will be of the order of 10nm. At
these small thicknesses, the conventional methods of characterizing the material cannot always be
trusted.
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One of the widely used methods is the Pseudo-MOSFET characterization, described in detail
in [19]. This technique invokes the concept of using the SOI structure as an inverted MOSFET, with
the substrate acting as the gate and BOX acting as the insulator. A simple two probe measurement
setup can be used to emulate the source and drain contacts (preferably with probe force), and then
parameters like mobility, threshold voltage, doping polarity and doping level can be found using
analytical models described in [19]. Certain advanced variations of this method can be used to find
more information about the material, for instance measurement of generation-recombination time
using pulsed gate switching [18]. Revised analytical models including the effects of trap density at
the BOX interfaces is presented in [20]. An easy application of this technique is performed in this
work and described in chapter 4 to find the doping type of the SOI samples utilized in this research.
The following figure explains the principle of operation of Pseudo-MOSFET method.

Fig. 2-6 Principle of operation of Pseudo-MOSFET Characterization for SOI [19]

Other characterization techniques include Hall Effect to calculate mobility and doping, four
probe measurement techniques to find the resistivity and surface photo-voltage method to find the
diffusion length and minority carrier lifetime. Due to very small thickness of the top layer, the sheet
9

resistances are generally very high and go out of range for most of the measuring instruments, which
make the results of the former two techniques implausible. Furthermore, a comparison of the
commercially available tools for measurement of carrier lifetime in [1] suggests that surface photovoltage (induced by a chopped light beam followed by signal detection using capacitive coupling)
essentially measures the bulk diffusion lengths and requires a significant depletion region at the
surface. The effect of this subsurface depletion region on the lifetime values is not incorporated in the
measurements.

In the backdrop of above arguments, it can be inferred that there are a handful of techniques
for characterizing the SOI structures in-situ before fabrication of the final device. Photo-conductance
decay technique measuring the near-surface minority carrier lifetime can thus be a useful technique
to assess the final device performance. The variant of PCD used in this research, though not
completely contact-less, is a simple lab-based versatile tool which solves the purpose of
characterizing the thin film SOI structures. A non-contact version of the same tool implemented by
measuring microwave reflectivity after illumination turn-off was explored in [1] and the results were
found to be comparable to this tool in [2].
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2.2 Photo-Conductance Decay

2.2.1 Theoretical Model: Generation-Recombination

When a semiconductor specimen is subjected to an external excitation in the form of an
illumination pulse (with photon energy greater than the band-gap of the specimen), then excess ehole pairs are produced. The rate equation for the minority carrier can be written as [21]:

(2.1)

where,
rate,

is the excess hole concentration in an n-type semiconductor,

is the thermal generation

is the rate of generation of external source of light and R is the rate of recombination. The

term R-

is called the net rate of recombination in excess of the thermal generation.

In steady state, net rate of recombination equals the rate of generation through the external
source. If an ohmic contact is applied to the specimen, then an increase in the current will be
observed, resulting from the increase in sample conductivity given by:

(2.2)

where

(=

) is the steady state excess carrier concentration. In the absence of any barrier, the

carriers will diffuse together leading to a zero net diffusion current. The change in the diffusivities
will be balanced by the quasi-electric field binding the excess carriers together. Thus, the current
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density will only include the drift component and the increase in the current density will be directly
proportional to the increase in conductivity.

Now, when the illumination pulse is turned OFF, the excess carriers will recombine as they are
diffusing and conductivity of the sample decays. A simplistic model describes this decay to be
exponential in nature defined by a characteristic lifetime

.

(2.3)
where the terms have their usual meanings.

The recombination mechanisms leading to this decay can be- Radiative (or Direct)
Recombination; Recombination via Deep Energy Levels (also known as SRH or trap aided
recombination); and Auger Recombination. Radiative recombination is the dominating mechanism in
the direct band semiconductors. This work deals mainly with the indirect band-gap materials having
really small values of radiative recombination co-efficients. Furthermore, Auger recombination
(whether band-to-band or trap aided) is prevalent only in case of high density of carriers. Since, this
work uses moderately doped samples and the light intensities used are not very high, so the
discussion in this thesis will be limited to indirect SRH recombination. Ref [21]provides a detailed
analysis of recombination via this mechanism.
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Fig. 2-7 SRH Recombination Mechanism showing carrier capture and emission [22]

The model takes into account deep level recombination centers characterized by one energy
level. The energy level can act as a recombination center or a trap depending on the occurrence
probabilities of the capture and emission processes shown schematically in the figure above. The
final results are mentioned here [21]:

(2.4)

Here U represents the net recombination rate; p1 and n1 are the hole and electron concentrations when
the Fermi level lies at the trap level;
section

and

depend on the trap density Nt and capture cross

. They are defined as:

and

Low level injection lifetime reduces to

(in an n-type semiconductor) and

semiconductor). High level injection lifetime on the other hand, reduces to

(in a p-type
. Both these

lifetimes are independent of the doping level. Due to the presence of traps, one type of carrier
13

remains trapped while the other remains in circulation which gives rise to a non-exponential tail in
the carrier decay curve, thus deviating it from a perfect exponential.

2.2.2 Absorption in Semiconductors

This work determines the sensitivity of the tool to changes in wavelength and intensities. Since
the change in the wavelength will trigger a change in the absorption characteristics which will in turn
affect the photo-carrier generation, it is therefore critical to have background information about these
absorption characteristics. The intensity of light absorbed by a semiconductor varies with distance
from the surface, x, in accordance with the Beer-Lambert’s law:

(2.5)

Io is the intensity at the surface (x=0). This is the incident intensity at the surface minus the surface
reflectivity, R, which is also a function of wavelength; α is the absorption co-efficient which
determines the penetration depth into the material. Since the intensity decreases to 1/e of its
maximum value at x = 1/ α, the penetration depth is taken as 1/ α in the analysis.
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(a)

(b)

(a)

(b)

Fig. 2.8 Absorption Co-efficients vs Photon Energy for (a) Silicon [23]and (b) Germanium [24]
Fig. 2-8 Absorption Co-efficients vs Photon Energy for (a) Silicon [23]and (b) Germanium [24]

These penetration depths have been tabulated in Appendix B. Not all the photons absorbed in
the material generate photo-carriers. This number is decided by the internal quantum efficiency
(which can be calculated from responsivity at a given wavelength). There can be various other losses
in the material which have been ignored in this work. Four different lasers have been used in this
work with different rated powers resulting in different excess carrier concentrations. As shown in the
previous section, the lifetime may change depending on the level of carrier injection. Numerical
calculations for these concentrations have also been elaborated in Appendix B.

15

2.2.3 Carrier Profiles after Illumination Turn OFF

For an effective comparison of minority carrier lifetimes under different surface conditions
and different external excitations, it is extremely important to have a clear picture of the excess
carrier profiles in the specimen once the illumination is turned OFF. Since the minority carrier
lifetime is a reflection of the decay characteristics, it is instrumental to explore how the carriers decay
as a function of position and time. Many attempts have been made towards this direction including
some empirical approaches [25]and some analytical models [21] and [26]. This section presents some
key points from these models.

Considering a one dimensional model, where the thickness of the sample is small as compared
to the surface area, the carrier concentration immediately after illumination turn off can be
represented as a sum of even and odd functions in space and time. Writing the time dependent
continuity equation as [26]:

(2.6)

where

once again represents the excess minority carrier hole profile in an n-type semiconductor;

is the bulk lifetime. The solution of equation 2.6 with the following boundary conditions can be
represented by equation 2.7 [26].

at x = ±d/2
∑

∑
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(2.7)

Here d is the sample thickness and the origin has been chosen to be the center of the material.
The boundary conditions include a term S, which represents the surface recombination velocity
(SRV) at front and back surfaces. The concept of SRV is explained in the next section. First term of
equation 2.7 represents the symmetric profile of the carriers while the second term represents the
rapidly decaying asymmetrical part which assumes the shape of its spatially symmetrical counterpart
with time. An and Bn are the coefficients dependent on the intensity of light, absorption coefficient,
sample thickness and reflectivity. A key point of equation 2.7 is that the overall exponential profile is
characterized by a sum of two time constants-

(bulk lifetime) and a parameter

which

indirectly reflects the surface component of the lifetime. This idea is better explained in section 2.5,
where the term ‘effective lifetime’ is introduced.

Fig. 2-9 Excess Carrier profiles after Illumination Turn OFF for a thick n-Si sample [26]
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The above figure plots the carrier profiles for a thick sample (400 um). The profiles, initially
asymmetric, become spatially symmetrical with time. The profiles are plotted in the limit of high
SRV’s (visible from the left-most part of the plot) and

(to isolate the surface effects from

bulk). Most of the wavelengths used in this work lead to a higher value of absorption co-efficient
than the one depicted in this plot, which signifies that the carrier concentration peaks will be more
towards the surface. However, these peaks will decay relatively slowly with time because of lower
values of SRVs in this work.

2.2.4 Surface Recombination Velocity

As shown in the previous section that the surface effects on carrier decay are characterized by
a time – independent surface recombination velocity which implies that the near-surface lifetime
value will also be a function of surface recombination velocity. Before going into the details of SRV,
it is instructive to analyze the normalized average carrier density which can be obtained by averaging
out the even term of equation 2.7 over the thickness of the sample. The exact results can be referred
from [26]; however the plots are shown below.

18

Fig. 2-10 Space averaged carrier profiles for Impulse, Square and Gaussian Excitation [26]

Irrespective of the nature of the excitation pulse, the effect of high surface recombination
velocities can be seen in the curves, where the deviation from steeper exponential slope to a
relatively flat exponential slope is clearly visible. This deviation will become more and more subtle
as the SRV approaches smaller values. Now, the notion of SRV is explained.

When excess carriers are present in a semiconductor, they diffuse and are lost by
recombination. This recombination will depend on the density of recombination centers. Surface of a
semiconductor specimen is usually marked by dangling or unsaturated bonds, which can also be
understood as localized surface states. These states act as recombination centers and increase the
recombination rate at the surface. Because of a gradient in the excess carrier density, carriers from
the bulk diffuse towards the surface. Surface recombination velocity is defined as the ratio of excess
carrier flux reaching the surface to the concentration of excess carriers at the surface.
19

SRV can be expressed as follows [21]:

(2.8)

Using the analytical techniques mentioned in [26], surface recombination velocity can be calculated
as [27]:

√

√

(2.9)

In this expression, W is the thickness of the sample of the sample; D is the diffusion coefficient;

and

can be calculated experimentally as shown in the following section. This work

attempts at estimating surface recombination velocities for one of the samples.

2.2.5 Effective Minority Carrier Lifetime

Due to the presence of additional recombination sites at the surface by the virtue of surface
states (or dangling bonds), the carrier lifetime in the near surface region is less than that in the bulk
semiconductor. Considering minimal trapping, for a significant surface recombination velocity, the
logarithmic of the carrier decay should be a straight line with two distinct slopes. As shown in the
figure below, these slopes are marked by two distinct lifetimes,
and

(inverse of the asymptotic slope).
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(inverse of the maximum slope)

Fig. 2-11 Two distinct slopes of logarithmic of carrier decay [28]

Referring again to Fig. 2.10, the time derivative of the logarithmic of spatially averaged carrier decay
can be written as the sum of two terms [26]:

(

)

(2.10)
(2.11)

In these set of equations,

is the experimentally measured lifetime;

is the bulk component

and Rs is a ratio of two series consisting of decaying terms with decay constant decided by the SRV.
Thus, each of the two measured slopes has a bulk component and a surface component. When bulk
properties are of interest, contribution from SRV must be known to calculate

from the measured

slopes. However, during the initial decay, the values of Rs are high enough so as to dominate the
overall measured lifetime. This work will focus on measuring the ‘effective lifetime’ [28] defined by
the initial slope of the decay curve where:
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(2.12)

In the limit of low SRV’s, however, the two distinct slopes will be difficult to observe and the
instantaneous slope can be approximated by bulk lifetime. This can also be understood physically:
low recombination centers at the surface will motivate the diffusion of carriers towards the bulk with
the passage of time, and the decay will be marked by one time constant. The experimental procedure
for the measurement of effective lifetime is described in chapter 4.

2.3 Defect Specific Photo-conductance

2.3.1 Barrier Controlled Recombination

The treatment of carrier decay phenomenon elaborated in the previous section neglects the
presence of a potential barrier at the surface. In the absence of potential barrier, both excess minority
and majority carriers diffuse together and the surface recombination centers are treated analogous to
their bulk counterparts as independent recombination sites. The surface phenomena are characterized
by a time independent surface recombination velocity. A modified approach [4] differentiates the
surface defects from those of bulk by categorizing them under extended defects associated with a
potential barrier, unlike the bulk defects (which are mainly point defects). This concept is explained
as follows:

Defect

sites

present

in

the

bulk

are

primarily

point

defects

because

carrier

recombination/trapping at one site is independent of that at another site. This is because these centers
are not very close to each other. Thus they can be termed as 0-D defects. Surface defects, on the
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other hand, are characterized by closely spaced mid-gap surface states in which the carrier
recombination at one site might affect the potential at the neighboring site. These types of defects are
extended defects typically associated with a potential barrier. Examples of extended defects include
edge dislocations (1-D); surface defects and grain boundaries (2-D) etc. Potential barrier associated
with a 2-D defect is created by a Schottky-type depletion region. The depletion region was also
explored by Bardeen during his treatment of surface states [29].

Now, in the presence of a potential barrier, the majority carriers are swept towards the bulk,
while the minority carriers are swept towards the surface. In cases where the surface is highly
charged, and the associated barrier is significant, the recombination in the near-surface region
becomes entirely barrier-controlled rather than the conventional diffusion controlled model, and time
independent SRV is replaced by a time–dependent surface recombination rate.

Fig. 2-12 Barrier Controlled Recombination in the near-surface region of n-type SC [4]
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2.3.2 Photo-Conductance Decay through Extended Defects

In the absence of majority carriers near the surface, the defect states will more likely act as
trap for the minority carriers resulting in long surface lifetimes. This model assumes that the defect
states trap almost all the minority carriers and the increase in the defect charge density is balanced by
the reduction in the barrier height. An analytical model developed in [4] explains the quantitative
nature of this recombination. The rate of change of defect charge density in an n-type semiconductor
is given by [4]:

(2.13)

where Gsc and Re are the minority carrier generation rate (in the vicinity of defect) and net capture
rate at the defect respectively. Re can be written as [4]:

(

In this equation,

is the probability that an electron is captured by a defect state,

density of defect states at the surface (/cm2),

(2.14)

is the

is the majority carrier concentration in the bulk,

is the barrier height without any without any illumination and
defect state occupation (

)

) to its equilibrium value (

is the ratio of deviation of fraction of

). As stated earlier, the change in defect

charge density is compensated by an equal change in the depletion region charge, so

(2.15)
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where

is the change in depletion region width. Also, the change in the barrier height can be

represented as [4]:

(2.16)

When the illumination is turned off, Gsc = 0. Plugging in the values of Re and
and 2.15 into 2.13 and using the expression for

from 2.14

from equation 2.16, an expression determining

rate of change of n with time can be obtained [4]. Since minority carriers are trapped at the defect
sites, the change in photo-conductance will be

, where

is equal to

The change in

the photo-conductance for significant change in the barrier height is calculated as [4]:

(2.17)

This important result shows that in cases where barrier controlled surface recombination is
dominating, the decay in photo-conductance is logarithmic in nature with time constant

in

contrast with the conventional exponential decay. In general, there will be an additional exponential
term to incorporate the contribution from bulk. The procedure of extracting bulk and surface time
constants from experimental data is elaborated in chapter 4.

It is critical to note that this barrier will be significant in materials with low doping
concentrations under low level injections. Additionally, the above analysis holds true for bulk
semiconductors where depletion region width is small as compared to the thickness of the sample.
This work includes an experimental demonstration of these postulations on bulk semiconductors by
creating conditions of surface depletion and inversion.
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Chapter 3
SCOPE AND OBJECTIVES

This work investigates the capability of the near-surface photo-conductance decay as an
effective technique to characterize the thin-film silicon-on-insulator structures. The electrical
properties of the near-surface region are influential in determining the final device performance. As
explained in the previous chapter, with the reduction in device dimensions and the gradual trend
towards non-planar structures, there are not many techniques which can reliably characterize the
quality of the ultra-thin active layer and assess the surface response to various physical and chemical
treatments. This work proposes a fast and inexpensive solution to this problem in the form of this lab
based PCD tool. The scope of this work is divided in two phases, with the first phase focused on
characterization of bulk specimens. These samples have been tested using different excitation
wavelengths and under different surface conditions. It is established that the lower wavelength laser
diode captures the surface changes better than the higher wavelength counterparts. The concept of
defect-specific photo-conductance and contribution of surface potential barrier is also investigated in
this phase.

The second phase covers the tests performed on SOI samples. Changes are inflicted on the
surface under a controlled fashion (for e.g. performing Ar based RIE for different times) and the
minority carrier lifetime values follow the expected trend with surface changes. The overall objective
is thus, proving the usefulness of this technique as an in-situ electrical characterization method for
determining the surface quality of the nano-scale silicon thin films, which is a critical step towards
the final goal of employing this technique to characterize non-planar structures and devices
fabricated on these films.
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Chapter 4
EXPERIMENTAL PROCEDURE
4.1 Sample Details

The first section of this work explores the sensitivity of the tool to capture changes in decay
curves with the change of wavelengths and intensities. The second section focusses on the
experimental verification of Defect-Specific Photo-conductance and separation of bulk and surface
lifetimes. Following bulk samples with well-known electrical parameters have been used in this
regard. Four point probe method was used to calculate the bulk resistivity for n-Si and Ge.



p- Si, <100> wafers (Sample A)
Sample thickness: 500 µm
Average Resistivity: 5 Ω-cm
Nominal Doping Concentration: 3e+15 cm-3
Condition: The samples used had native oxide formed on them in some cases. In other cases,
samples tested were cleaned with HF (1:10 solution of HF:DI H2O) for 2 mins followed by
DI water rinse and dry nitrogen blow. The specific condition will be mentioned in the results
section.



p- Si, <100> wafers (Sample B)
Sample thickness: 750 µm
Average Resistivity: 15 Ω-cm
Nominal Doping Concentration: 1e+15 cm-3
Condition: Native oxide/HF clean (as mentioned for the previous sample)
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n- Si, <100> wafers
Sample thickness: 400 µm
Average Resistivity: 5 Ω-cm
Nominal Doping Concentration: 1.4e+15 cm-3
Condition: SC 1 clean done (0.5:1:5 solution of NH4OH:H2O2: DI H2O) at 50˚C for 10 mins
followed by DI water rinse for 5 mins and dry N2 blow.



p-Ge, <100> wafers
Sample thickness: 500 µm
Average Resistivity: 25 Ω-cm
Nominal Doping Concentration: 3e+14 cm-3
Condition: No surface treatment

The last section of this work involves testing SOI structures. Following samples were used:


Sample 1: 181 nm active Si layer/76 nm buried oxide (BOX) layer



Sample 2: 150 nm active Si layer/300 nm buried oxide (BOX) layer



Sample 3: 165 nm active Si layer/100 nm buried oxide (BOX) layer

Sample 1 and 2 have been fabricated using wafer bonding by Smart-CutTM whereas
Sample 3 has been fabricated using SIMOX technique. Because of small geometries of the active
layer, four point probe method was unable to calculate the parameters. Pseudo-MOSFET technique
described in section 2.1.4 was used to estimate the doping polarity and doping level of the first two
samples. The parameters for the third sample were known before-hand. The results are elaborated in
chapter 5 and are summarized below:
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Table 4.1 Electrical Parameters of the active layer in SOI samples
Sample

Doping Polarity

Doping Conc. (cm-3)

Average Resistivity

SOI- Sample 1

p-type

8e+16

0.2 Ω-cm

SOI- Sample 2

p-type

2.5e+16

0.7 Ω-cm

SOI-Sample 3

p-type

1e+15

20 Ω-cm

4.2 Experimental Set-up

4.2.1 Excitation Sources

Four different illumination wavelengths have been used in this work. Peak wavelengths have
been chosen such that a broad spectrum is spanned which can be used for testing a variety of
semiconductors ranging from low band-gap high mobility materials like GaSb to high band-gap
(used in high temperature power applications) materials like SiC. Since the lasers were not driven in
CW mode, the average current was low and therefore a pulsed voltage driver was used to drive the
single mode laser diodes used in this work. (Typically current drivers and temperature control
mounts should be used in the drive circuit). Detailed spec sheets for these diodes can be found in
[30]–[33]. Following table summarizes the operating parameters:

29

Table 4.2 Typical Voltage, Power and Photon Energy for the laser diodes
Laser Diode Peak
Typical Voltage (V)

Rated Power (mW)

Photon Energy (eV)

405 nm

4.2

100

3.1

658 nm

2.6

30

1.88

980 nm

1.9

50

1.26

1.55 um

1.4

20

0.8

Wavelength

The intensity in terms of photo-carrier generations are different for different diodes (variation
in rated powers and duty cycles) and depend on the material being characterized (variation in
absorption depths and quantum efficiencies). Detailed calculations of these numbers are done in
Appendix- B.

4.2.2 Measurement Procedure

This section describes the experimental setup for measuring and recording the photoconductance decay curves. The setup is explained schematically in Fig. 4.1 (SOI has been shown as
the test specimen, which can be replaced with the sample under test for the respective case). First part
of the setup includes the electrical circuit. Sample to be tested is placed on the chuck under a
microscopic stage. The sample is probed using two-point probe method with the power fed from the
voltage source- Keithley 236. The current through the line is displayed on the same unit. A
potentiometer is placed in series with the sample under observation. Any change in the sample
conductivity changes the current in the line and therefore the potential drop across the potentiometer
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changes. This potential drop is captured on the oscilloscope, and is the measurand of the test, called
the PCD signal. Since the decay in photo-conductance of the sample (after illumination is turned
OFF) will be directly related to the decay in voltage drop across the potentiometer, this simple setup
allows studying the carrier decay profile in a specimen. For best results, the value of the
potentiometer should be matched to the sample’s resistance which can be calculated experimentally.
The potentiometer used in this experiment could be varied from 0 to 2 Mohm. Any native oxide on
the sample is electrically broken via contact blasting (passing momentary high voltages of the order
of 50 V). An ohmic contact with the wafer is ensured by varying voltages over a range of positive
and negative values, and checking for the linear I-V characteristics. Both the voltage source and
oscilloscope are interfaced to the computer via a visual basic code [1]. Once a visually satisfactory
curve is observed on the oscilloscope, the data points can be stored in a text file containing all the
amplitude and time scaling information. This file can later be used to plot the curve in any software
and lifetime is then calculated as described in next section.

Second part of this setup includes the laser diode driven by a pulsed voltage source HP8131A.
The laser is positioned over the sample and placed in between the probes such that maximum light
falls between the probes. The position of laser can be changed via sensitivity knobs. The pulse
period, amplitude and duty cycle can be adjusted. The specific values used for a particular
experiment will be mentioned in chapter 5.

For standardization, in all the experiments, the height of the laser is kept 1 cm from the sample
and the probes separation distance is 3mm. The supply level used is 7 V if not mentioned otherwise.
The TANTEC CAM WAFER II tool [2] is used to measure the contact angle made by a 20 µL drop
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of DI water with respect to the surface of the sample. These measurements render information about
the hydrophobicity/philicity of the surface.

Fig. 4-1 Conceptual Block Diagram of ns-PCD tool

4.3 Minority Carrier Lifetime Determination

4.3.1 Determination of Effective Lifetime

The visual basic code [1] outputs the data file for the photo-conductance decay curves
observed on the oscilloscope. An automated script has been written in MATLAB (Appendix A)
which reproduces the same plot using input data and calculates the effective lifetime. The effective
lifetime, as described in section 2.2.5, includes contribution from both surface and bulk. However,
the initial slope of the curve is dominated by the second term in equation 2.11 which represents the
surface contribution. Thus, the initial slope of the carrier decay can be approximated as the nearsurface minority carrier lifetime. However, to avoid any ambiguity, the term effective lifetime is used
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in this work. The initial part has been considered as the decay starting from the peak to 0.8*peak [2]
of the curve. A straight line is extrapolated with slope defined by these two points and the time
instant at which this straight line drops to 1/e*peak value is taken as the effective lifetime. This is
shown in the figure below pictorially. The code also takes into account the baseline correction. The
start of decay is considered as t = 0 in lifetime calculations.

Fig. 4-2 Effective Minority Carrier Lifetime calculation [2]

4.3.2 Surface and Bulk Lifetime components – DSPC

The defect specific photo-conductance measurement allows to segregate the surface and bulk
lifetime components for some specific surface conditions. N-type and P-type Si under surface
inversion and depletion conditions respectively are used to demonstrate this. This section describes
the extraction of these components from the output data files given by the VB code [1]. Before
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beginning with the procedure, some key points regarding the setup would be elaborated. Firstly, as
mentioned before, defect specific photo-conductance works well when the potential barrier at the
surface is significant. Accumulation of too many charge carriers at the defect traps will lower the
barrier height to such an extent that the space charge region might vanish. Thus, the amount of
carriers injected need to be controlled, which does not only depend on the generation rate and
background illumination, but also on the frequency of pulses. It is to be ensured that the photoconductance decays to its dark value before the start of the next pulse so as to avoid accumulation of
charge carriers from the previous pulse (the frequency for this particular experiment is kept as 100
Hz). Secondly, it is important for the curve to increase to its steady state value before the start of
decay. TON for this particular experiment is kept as 100 µs. Now the extraction method is described.

The data files for the curves are fed to excel where the plot is reproduced. The decay in case of
purely barrier controlled recombination is logarithmic in nature, however when bulk recombination
(controlled by diffusion) is also present, the decay is a mix of exponential and logarithmic terms [4]:

(

)

(4.1)

A plot of photo-conductance decay vs time (on logarithmic scale) is then obtained. Typical curves
are shown below:

34

Fig. 4-3 Typical Decay Plots for a sample vs. time (on log scale) [4]

The surface lifetime, from these curves, can be extrapolated from the linear tail (as the inverse
of the slope of this tail). For the bulk component log (PCD) vs time is plotted and the absolute value
of the inverse slope (in the linear region) is approximated as the bulk lifetime. It is to be noted that if
only the surface potential barrier dominates the above curve will be a straight line (comprised of the
surface component only). On the other hand, if only the bulk component dominates, the linear tail in
the plot above will not be visible and the curve will decay to a constant value.
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Chapter 5
RESULTS AND DISCUSSIONS
5.1 Measurements on Bulk Samples- Sensitivity to Wavelength

This section elaborates the results obtained on bulk p-type silicon and p-type germanium
samples under different surface conditions using different illumination wavelengths, and tries to
establish the sensitivity of tool towards different wavelengths. The sample details are provided in
chapter 4. In addition to that, values for surface recombination velocities have been calculated in
accordance with the diffusion controlled model described in chapter 2.The absorption coefficients
and excess carrier generation rates for each case are calculated in Appendix B.

As the first experiment, p-Si (sample A) was subjected to three illumination wavelengths (405
nm, 658 nm and 980 nm) immediately after HF treatment. Illumination wavelength of 1.55 µm
corresponds to the photon energy of 0.88 eV which is lower than the bandgap of the Si, and thus
could not be used for studying the decay behavior. HF treatment results in hydrogen termination of
the surface atoms and saturates the dangling bonds. As a result, the surface state density should be
low and a significant concentration of excess carriers easily diffuse into the bulk. Stable current
levels of 6-7 µA were obtained at 7 V bias. The photo-conductance decay results for p-Si are plotted
below. An increase in wavelengths leads to a higher absorption depth within the material and thus,
greater contribution from the bulk. This is evident in the Fig. 5.1 where the lifetime increases
progressively from 53.3 µs to 75.6 µs for an increase in absorption depth from 0.33 µm to 14 µm
respectively. Thus, even with hydrogen termination, a greater contribution from bulk leads to a
longer lifetime value. The lowest wavelength shows a subtle deviation from surface to bulk
contribution (where the maximum and asymptotic slopes have slightly different values) whereas the
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highest wavelength is predominantly the bulk lifetime. Comparable lifetime values for 405 nm and
658 nm wavelength values could be due to a higher excess carrier injection in case of the high
intensity 405 nm diode which increases the lifetime in accordance with the SRH theory [21].

Excitation
Wavelength:

𝝉𝒆𝒇𝒇 :

Fig. 5-1 PCD plots for p-Si after HF treatment corresponding to three illumination
wavelengths

The same p-type Si sample was kept in the ambient for 10 days so as to introduce contaminants
and native oxide on the surface. Furthermore, with the passage of time hydrogen termination also
degrades resulting in an increased surface state density. Following figure shows a comparison of the
PCD plots for the lowest and the highest wavelength.
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: 65.8 µs

Excitation Wavelength:

: 8.2 µs

Fig. 5-2 Decay Curves for p-Si 10 days after HF etch

While the lifetime changed in both cases, the corresponding change in case of smaller
wavelength is significant as compared to that in the bigger wavelength. This indicates of a higher
surface contribution in case of 405 nm excitation which is captured by the tool. The degradation of
current levels to 0.12 µA @ 7 V and the instability in the current values (due to increased surface
contamination) also supported this observation. The contact angle made by the water droplet also
decreased from 66 degree (immediately after HF etch) to 29 degree in this experiment because of
increased native oxide formation which forms weak and easy-to break bonds with the surface.

Based on these results, surface recombination velocities have been calculated using the
expression mentioned in Chapter 2 [26]. The diffusion co-efficient for the minority carriers is taken
to be 25 cm2/sec; the width of the sample thickness is 500 µm. Bulk lifetime is approximated by 75
38

µsec, which is the effective lifetime with the 980 nm diode (bulk dominated). The near surface
lifetime can be approximated by the effective lifetime of 405 nm diode which is predominantly
generating carriers within hundreds of nanometers from the surface. It is to be noted that after the
initial decay, the time dependent carrier profile in case of 405 nm diode approaches that in case of
980 nm (i.e. the transition from surface to bulk).The surface recombination found 10 days after HF
with eff 8 sec etch is approximately 85 cm/sec. This estimate is in the range of typical values for
Si SRV [34]. The two-slope analytical technique described in [26] also gives about the same number
(difference in the absorption co-efficient and sample thickness to be kept in mind). In a similar
fashion, surface recombination velocity found immediately after HF etch is approximately 2300
cm/sec, which again is a close match with the analytical value extrapolated from [26] using the
experimental effective lifetime found in Fig. 5.1.

Similar pattern in the results was observed for Ge samples where the lifetime increased from
97.5 µs to 153.6 µs for an increase in illumination wavelength from 405 nm to 1.55 µm. The
corresponding absorption depths increase from 1.66 µm to 20 µm. It is to be noted that Ge samples
were tested for PCD without any pre-surface treatment. The results are summarized in the figure
below. Higher lifetimes in Ge than in Si are because of higher carrier mobilities leading to higher
diffusion co-efficient and greater bulk contribution. This is also supported by increased current levels
in case of germanium (22 -23 µA @ 7 V) for the same external potentiometer value.
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Fig. 5-3 Variation of Minority Carrier Lifetime and Absorption Depth with wavelength in p-Ge

These results clearly indicate that the tool can capture the change in lifetime with change in
illumination wavelengths. Since the lower wavelength diode better reflects the quality of the nearsurface region (because of maximum carrier generation near the surface), it is the diode of choice for
characterizing the thin film SOI structures of top surface thickness below 200 nm.

5.2 Experimental Verification of DSPC

This section presents the experimental results based on the theory of defect specific photoconductance described in chapter 2. An attempt has been made to distinguish the surface lifetime
from the bulk counterpart. The experiments have been performed on n-type bulk Si and p-type bulk
Si (Sample B) under some specific surface conditions. Sample details are mentioned in Chapter 4. A
comparison of the results using three laser didoes (as in the previous section) is also elaborated.
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N-type silicon after SC1 clean has the surface under inversion [4] and there is a significant
potential barrier at the surface to drive the majority carriers into the bulk and minority carriers
towards the surface. As explained in chapter 2, these minority carriers will be trapped by the surface
extended defects and in case of low majority carrier concentrations at the defect, the probability of
recombination will be reduced, resulting in long near-surface lifetimes. The photo-conductance decay
associated is logarithmic in nature [4]. The bulk recombination however, will be diffusion controlled
(dominated by point recombination centers), and the carrier decay will follow normal exponential
behavior. The results for n-type Si are as follows:

1.2

PCD Signal(A.U.)

1
0.8
405nm

0.6

658nm

0.4

980nm

0.2
0
0

20
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60

80

100

120

Time(µsec)

Fig. 5-4 Normalized photo-conductance decay curves for n-Si under surface inversion

The decay curves clearly indicate the pronounced logarithmic tail associated with the 405 nm
diode, while an increased exponential decay (associated with bulk) is observed in case of the 980 nm
diode. The bulk and surface effects are occurring in different regions of the specimen, and thus
independent determination of both is possible using the approach elucidated in chapter 4. The PCD
signal when plotted against logarithmic of time in the figure below shows a ‘superposition’ of bulk
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and surface contributions. The inverse slope of the exponential of the linear tail of this curve gives
the surface lifetime. The bulk lifetime is calculated by plotting the logarithmic of PCD signal vs time
and extrapolating the linear region. The bulk and surface lifetimes are also shown below in the
figure:

1.2

Lifetimes:
405nm: 𝝉s = 1.1 ms
658nm: 𝝉s= 2 ms; 𝝉b = 35.3 µs
980nm: 𝝉s = 2.5 ms; 𝝉b = 41.2 µs
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Fig. 5-5 PCD curves for n-Si after SC1 clean plotted vs time on log scale (405 nm diode is
predominantly a straight line; subtle tails in the other two diodes are marked in the circle)

Barring the initial ‘flatness’ in the 405nm diode due to the factor

), the curve is

predominantly a straight line with a surface lifetime of 1.1 ms. Decay for the other two diodes,
however, includes subtle tails overlapped with the bulk behavior. The surface lifetime increases with
the increase of wavelength because of reduced majority carrier density near the barrier which in turn
increases the trapping lifetime. The bulk lifetimes for the higher wavelength diodes have also been
mentioned in the figure. Lower bulk lifetimes as compared to p-Si are due to a reduced diffusivity of
the excess holes (as compared to excess e-s in a p-type semiconductor) into the surface.
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The same experiment was conducted on p-Si after HF etch. HF etch terminates the surface
dangling bonds, but is known to create surface band bending (due to surface depletion, and in some
extreme cases, inversion). This band bending is a result of surface getting positively charged which
pushes the holes into the bulk. This potential barrier, though counter-intuitive (because of surface
passivation), has been observed and investigated in [35] for different sample resistivities and HF
concentrations. The results of the experiment are as follows:

1.2

Lifetimes:
405nm: 𝝉𝒆𝒇𝒇 = 97.15 µs
980nm: 𝝉𝒆𝒇𝒇 = 104.7 µs
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Fig. 5-6 Normalized Photo-conductance decay for p-type Si after HF etch with time axis on log scale
for investigating Defect Specific Photo-conductance

Only the two extreme wavelengths have been shown here to elucidate the contribution of
surface potential barrier. Both the curves in Fig. 5.6 resemble the bulk portion of the sample curve
shown in Fig. 4.3. This indicates that there is little or no contribution from the surface barrier,
characterized by logarithmic decay. Even for the 405 nm wavelength, the decay is dominated by
diffusion controlled surface and bulk recombination. The lifetimes obtained are higher than the ones
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obtained in the previous section, due to longer pulse ON times (TON = 100 µs) which provide more
time for the carriers to diffuse into the bulk.

Summarizing the observations, this investigation shows that the surface potential barrier is
significant in n-type Si after SC1 clean causing the carriers to follow a logarithmic decay for near
surface generation, and a mix of logarithmic and exponential decay for higher absorption depths.
These decays were independently extrapolated to give surface and bulk lifetimes. However, in p-type
silicon, the barrier is not significant enough and carrier decay is primarily exponential for all
wavelengths, resulting in an effective lifetime. Additionally, experiments were carried out on silicon
and germanium surfaces with no surface treatment, and no logarithmic decay component was
observed which means that the potential barrier and band-bending created by un-passivated surface
states is not strong enough to make barrier controlled recombination influential over diffusioncontrolled recombination. However, a detailed calculation of barrier heights and depletion charge
density described by the curve fitting procedure in [4] is required to estimate the strength of potential
barrier and contribution of barrier-controlled recombination leading to defect specific photoconductance.

Furthermore, the analytical approach in [4] assumes that the depletion region thickness (created
by the surface potential barrier) is small as compared to the sample thickness which will not always
hold true in case of ultra-thin film silicon-on-insulator wafers where the barrier of a tenth of a volt
might deplete the whole film at nominal doping levels of 1016 cm-3, necessitating some modifications
in the analysis.
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5.3 Results on SOI

5.3.1 Pseudo-MOSFET Analysis

The doping concentrations of the SOI samples used in this investigation were unknown. An
effective analysis of the PCD results requires that the electrical parameters, particularly the resistivity
of the samples, should be known. The challenge with SOI is that the conventional techniques of
electrical characterization prove to be inefficient because of the confined geometries of the structure.
For instance, the widely used four-point probe method for calculating the resistivity is unable to
provide an estimate of the same for thin silicon films. The upper limit of the sheet resistance
measured by the typical four-point probe station is around 103 Ω/square. For a thickness of 150 nm,
the resistivity corresponding to this number will be around 0.015 Ω-cm. For further lower
thicknesses, this number will decrease further. Thus, films with higher resistivities cannot be
characterized using this method. The results for the samples used in this work could not be obtained
via four-point-probe method because of out-of-range sheet resistances.

Pseudo-MOSFET technique described in [19] has been used to find the doping polarity and
concentration of the top-silicon layer. SOI sample is being operated as an inverted MOS structure
with the substrate acting as the ‘Gate’, the buried oxide as the ‘Interfacial Dielectric’ and the top
layer as the semiconductor. The top surface is probed via a simple two-point probe method where the
probes act as the source and drain-contact. Probe force of about 15 g is used to penetrate the silicon
surface in accordance with [19]. For operation in linear region, the current-voltage characteristics are
described as [19]:
(5.1)
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Where

the effective mobility under the vertical electric field is;

efficient accounting for the device aspect ratio;
gate voltage (applied on the substrate) and

is the geometric co-

is the oxide capacitance per unit area;

is the

is the drain voltage (applied on the top layer).

the threshold voltage/flatband voltage in inversion/accumulation regimes. In this experiment,

is
is

kept at 1 volt and gate voltage is swept ‘slowly’ over a range of positive and negative values. The
drain current is measured and plotted. The linear extrapolation of the gate voltage (at ID = 0) in both
the directions yields VT and VFB. Following relation is used to calculate the doping concentration
[19]:

(5.2)

The Fermi potential is related to the doping concentration as

assuming

Boltzmann approximation for nominal doping concentrations. The density of interface traps for
wafers manufactured using smart-cut technique is usually low (around 1011 cm-3), and so the third
term can be neglected. Doping polarity is determined by looking at the slopes of ID-VG curves in both
directions. The slope in accumulation region is higher because of lower series resistance (resulting in
higher effective mobility). A lower slope in inversion, on the other hand, is observed because the
presence of a depletion region in the top silicon film [19]. Thus, if the slope is higher for positive
values of gate voltage (marked by accumulation), then the sample is n-type and vice-versa. The
results for both the samples are summarized in the figures below. Both the samples were to be found
p-type. Further, the doping concentration in sample 1 is higher than that in sample 2. As a result
sample 1 has higher threshold voltage and lower mobility, indicated by lower current levels. It is to
be noted that this approach only gives a rough estimate of the doping concentration; in case of higher
density of interface traps, the actual concentration will be lower than that found in this analysis.
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Fig. 5-7 Drain current vs. Gate Voltage for pseudo-MOS in linear region of operation at VD = 1 V
from VG = -10 V to +25 V for (a) SOI-Sample 1 (b) SOI-Sample 2
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5.3.2 Comparative PCD results with surface changes

It was established in section 5.1 that the shortest wavelength diode best captures the changes in
the sub-surface region. This result is reaffirmed here by comparing the decay curves for the three
wavelengths on SOI- Sample 1 with those corresponding to the bulk p-Si (sample-A). The curves are
as follows:

Excitation
Wavelength:

:

Fig. 5-8 PCD curves in SOI Sample-1for three different wavelengths

A quick comparison of these curves with Fig. 5.1 shows that the values of lifetimes are closest
to the bulk in case of 405nm excitation wavelength, with increasing deviation from bulk as the
wavelength increases. This reverse trend in lifetime values is due to a progressive decrease in excess
carrier generation in the active layer in accordance with the Beer Lambert’s law Appendix-B). The
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calculations in Appendix B show that less than 2 percent of the photons entering the top layer are
absorbed for the longest wavelength which results in a very weak PCD signal (evident from the noisy
curve for the highest wavelength) and the value of lifetime goes down due to extremely low levels of
injection (as predicted by the SRH theory [21]). For a clear PCD signal, effectively representing the
surface conditions, the level of injection should not be very low as compared to the base doping
level; otherwise the change in the conductance will be negligible. Since the 405 nm diode best
“retains’’ the lifetime value from surface to thin film, these results second the argument made in
section 5.1 about the laser diode selection for surface characterization. Though a more meaningful
comparison would be to plot the decay curves for samples with identical resistivities and physical
surface conditions, this result, nevertheless, roughly estimates the trend.

With the knowledge developed in the previous sections as well as in the above results, 405nm
diode will be used to characterize the top layer of thin film SOI samples; and the conventional
diffusion controlled model with exponential carrier decay will be considered to estimate the effective
carrier lifetime. An experiment was conducted to alter the physical structure of the top surface and
minority carrier lifetime values were recorded on the damaged surface. This is explained as follows:

The SOI-1 sample was subjected to Reactive Ion Etching in Argon plasma for different time
intervals- 20 sec, 40 sec, 60 sec, 100 sec and 120 sec. This was done to induce surface damage in a
controlled fashion. The Argon flow rate was maintained at 60 SCCM (Standard Cubic Centimeter per
minute) with the plasma chamber powered at 500 Watt and substrate powered at 125 Watt. Since the
intent was to only slightly roughen/damage the surface, and not to bring about significant changes in
the surface topography, the power levels were kept low. Further, the active Si thickness is less than
200nm, so etch was not carried out for longer times to prevent excessive etching of the surface. This
would allow for a better comparison of surfaces under different conditions without many changes in
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the entire film characteristics. The PCD curve for the un-etched surface is first presented as a control
sample measurement. This sample was not subjected to any treatment before test. The average
effective carrier lifetime was measured around 55 µs. A high value of lifetime with a steadily
decaying curve signifies a stable surface before the etch. This fact was supported by a stable ohmic
contact with a current of about 11 µA @ 7 V bias (Potentiometer value = 235 kΩ .
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Fig. 5-9 Normalized PCD Curve for un-etched SOI Sample-1

With all the experimental conditions unchanged, the test was performed on etched samples of
the same wafer. Samples with different etch times were prepared all in one attempt so as to avoid the
change in the chamber conditions among different samples. Also, no other chemical reactant was
used in the etch other than Ar, which indicates that the damage should be purely physical with no
alterations in the surface chemistry. The etch rate was established to be around 4 nm/min. The decay
curves for different etch times are summarized in the figure below.
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Etch Time:

:

Fig. 5-10 Normalized PCD Curves for SOI-Sample 1 etched for different time intervals

An intuitive understanding would suggest increase in the surface roughness with increase in
etch time. This is indeed reflected in the decay curves which exhibit a progressive decrease in the
average minority carrier lifetime from around 22 µs (for the sample subjected to etch for 20 sec) to
approx. 5 µs (for the sample subjected to etch for 120 sec). The total current also decreased from 9.5
µA to 3.8µA with increasing etches time. This experiment’s results show that the near-surface-PCD
tool is sensitive to surface changes and can be used to characterize the thin-film SOI structures.

The next experiment in this regard is to test and compare the quality of thin-films fabricated by
two most prominent industrial methods- Wafer Bonding by Smart-Cut

TM

; and SIMOX (Separation

by Implantation of Oxygen). A brief overview of the principles of operation of these two fabrication
techniques is provided in Chapter 2. SIMOX was one of the earliest methods to fabricate SOI
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structures. It suffered from high density of defects at the silicon-oxide interface, and particle and
metallic contaminants. Although the process has evolved significantly in terms of reduction of
implant doses and improvement of anneal conditions [5], the threading dislocations are still not
completely eliminated. Smart-Cut, on the other hand, requires low dose hydrogen implants to
introduce a weakened zone in structure, which can be laterally cleaved by thermal annealing. The
buried oxide layer is not implanted in this case, thus resulting in a better interface quality. This
experiment is focused on comparing the back-interface quality of the top thin-film in a SIMOX with
that in a bonded structure. SOI-Sample 2 and Sample 3 (details mentioned in Chapter 4) have been
used for this purpose, where the former has been fabricated using Smart-Cut and the later using
SIMOX technique. The top-film thicknesses of these samples are in the same range with the values
of 150 nm and 165 nm respectively, which allow for a better comparison. The photo-conductance
decay results are as follows:
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Fig. 5-11 PCD Comparison results for Smart-CutTM and SIMOX SOI Structures
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To minimize the contribution of top surface, both the samples have been tested immediately
after hydrogen termination with HF, followed by a DI water rinse and dry N2 blow (HF concentration
and rinse times are as mentioned in Chapter 4 for bulk Si samples). This is evident in the curves from
the fact that no transition from surface dependent slope to bulk dependent slope is observed. The
curves are, thus, dominated by the quality of the silicon-oxide interface. The average effective
lifetime is lower for the SIMOX sample than that for the bonded sample, with the values of
approximately 50 µs and 65 µs respectively. This indicates that the density of recombination centers
is higher in the SIMOX sample. The lifetime obtained for the SOI-Sample 1 (which is also fabricated
using Smart-CutTM) is within ten percent of the value obtained for SOI-Sample 2 which is approx.
equal to the standard deviation in the results obtained. It should be noted here that the above result is
only an indicative one and not a conclusive one, i.e. this result does not completely rule out the
possibility of fabricating and employing high quality SIMOX wafers in CMOS circuit applications;
rather, further experiments should be carried out to support or challenge these results. A viable
complementary test would be to use the advanced version of Pseudo-MOSFET technique which
takes into account the trap densities at both the silicon-oxide interfaces [20].
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Chapter 6
SUMMARY AND CONCLUSIONS
6.1 Summary

This work demonstrates the possibility of using a simple and inexpensive lab-based tool to
electrically characterize (though not in a completely non-destructive fashion) the near-surface region
of thin-film specimens like Silicon-on-Insulator Material structures which are employed in the
fabrication of current generation (and possibly in future as well) nano-scale CMOS logic circuits.
These structures are difficult to characterize with conventional techniques established for bulk
materials because of the reasons cited in this thesis. Some alternative techniques have also been
briefly explained. The tool utilizes the technique of near-surface photo-conductance decay in which
the minority carrier lifetime after an external excitation is measured and a comparative analysis of the
surface condition is done by comparing the measured values. The background theory for the carrier
decay and associated parameters are explained along with the relevant mathematical relations. The
details of the samples used and the experimental setup have also been elucidated. Four different
excitation wavelengths (405nm, 658nm, 980nm and 1550nm) have been used in this work and the
sensitivity of tool towards different wavelengths has been shown in this work with the shortest
wavelength capturing the surface properties most efficiently. Estimates of surface recombination
velocities have been made using an analytical technique. Then, a novel way of understanding the
carrier decay is explored by differentiating the bulk point defects from extended surface defects, and
predicting the criticality of the surface potential barrier in the determination of type of carrier decay.
This gives an opportunity to distinguish logarithmic surface decay from the bulk exponential
counterpart under certain surface conditions. Finally, the SOI samples were tested- by firstly using
the Pseudo-MOSFET technique to determine the carrier concentration of the active layer, and then by
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doing a comparative study of the top surface conditions by measuring the minority carrier lifetime
from PCD curves corresponding to those surfaces. Surface changes in this experiment were brought
about by subjecting the sample to RIE for different time periods. Another experiment compares the
quality of the oxide-interface with the top layer in wafers fabricated using SIMOX and Smart-CutTM
techniques. The MATLAB code used for reproduction and comparison of PCD curves; and for the
calculation of minority carrier lifetime is provided in this thesis. Calculations for determining the
excess carrier concentrations in different samples corresponding to different laser wavelengths are
elaborated in Appendix B.

6.2 Limitations and Future Work

There were many challenges faced while conducting the experiments. The tool could easily
measure the decay curves for high resistivity samples. However, for highly doped sample, with
resistivity lower than 0.1 Ω-cm, the base current (or the dark current) was high enough to cloud the
weak currents produced by the excess carriers. Such a problem was encountered while testing the
low resistivity Si samples and GaSb planar MOSCaps, where no concrete information could be
extracted from carrier decay. An amplifier network/signal booster with appropriate noise margins
could be designed to pick up and amplify the carrier decay in this case. A provision for incorporating
the probe force within the shielded probe station needs to be worked out. Samples, with no prepatterned contacts might require some probing weights to ensure a perfect ohmic contact. However,
since the setup had to be moved out of the probe station, this contact was made at the expense of
adding extra noise to the signals (because of closely placed cables and no shielding). This issue can
probably be resolved by using a robotic probe arm with adjustable force. Further, some modifications
can be made in the laser driving system, including the use of a constant current source driver
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equipped with a heat sink, and improved mounts for lasers. Turning ON the lasers for a long time
through a constant voltage supply can lead to overheating and permanent damage because of possible
intermittent current spikes. Dedicated laser holders should be used for avoiding fragility in the setup.
The lower limit on the measured lifetime is set by the resolution of the oscilloscope. The oscilloscope
used in this work had a bandwidth of 100 MHz (equivalent to a time scale limit of 10 ns). Practically,
however, lifetimes smaller than 500 ns were extremely difficult to observe. It is therefore, highly
recommended to use a high bandwidth and high input impedance (to prevent the loading effects at
the external potentiometer) oscilloscope.

From the research point of view, further testing should incorporate the surface treatments
which the thin film SOI wafers are actually subjected to in a real manufacturing setting and the
lifetimes at each stage should be analyzed and compared with that of a control sample. This can give
an insight into the effect of each treatment on the surface conditions. Carrying on the work, three
dimensional fin structures made on SOI substrate should be tested. Similar work was initiated in [3];
however tests were performed on fins fabricated on III-V materials. SOI, on the other hand, offers an
added advantage of isolating the substrate from the active fin layers. Therefore, the signal obtained is
solely the contribution of active layer unlike III-V device structures where a significant contribution
was from the buffer layer and the substrate beneath (because of absorption of photons in these
layers). For further exploring DSPC, carrier decay profiles under different surface conditions can be
modelled using simulation tools like Sentaurus; and experimental barrier heights and depletion
charge should also be extracted from a curve-fitting procedure.
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Appendix-A

MATLAB Code

The following MATLAB code was written to calculate the effective lifetime from the decay
data points obtained via the visual basic code [1]. The curve was normalized and then the slope at
0.8*peak was found, effective lifetime was then extrapolated at 1/e*peak using this slope.

MATLAB Code for Effective Lifetime Calculation and Saving the Normalized Decay Curve:

clear all;
clc;
folder_name = uigetdir;

%asks user input to select folder

Files=dir(fullfile(folder_name ,'*.'));

% gives files in the selected folder

cd(folder_name)
j=0;
fileID = fopen('lifetime.csv','wt');
for k=1:length(Files)

% opening the data files

FileNames=Files(k).name;
if strcmp(FileNames,'.') || strcmp(FileNames,'..') % rejecting the dummy files
else
data=importdata(FileNames);
v_point=str2double(data.textdata(6:length(data.textdata)));
amp_inc=data.data(4);
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t_inc=data.data(3); % generating the time vector
v=amp_inc*v_point; % multiplying the decay data signal with the multiplication factor
t=(1:length(v_point))*t_inc;
T=t;
V=v;
h=figure;
plot(T,V); % plotting the decay signal as observed on the oscilloscope
xlabel('time')
title('PCD curve')
[x,y]=ginput(1); % selecting the minimum point on the curve for adjusting the offset
temp_V = V-y; % subtracting the voltage offset
plot(T,temp_V); % Plotting and saving the offset adjusted decay
xlabel('time(sec)')
ylabel('PCD Signal(A.U)')
title('PCD curve')
saveas(h,strcat(FileNames,'-1'),'jpg') %saves the PCD curve
saveas(h,strcat(FileNames,'-fig'))
A=ginput(1); %point selection for initial slope calculation
B=ginput(1);
m=(A(1,2)-B(1,2))/(A(1,1)-B(1,1)); %slope of tangent
c=A(1,2)-m*A(1,1);

%intercept of tangent

lifetime=((A(1,2)/exp(1))-c)/m - A(1,1);

% time at 1/e*peak

fprintf(fileID,'%s \t %d\n', FileNames,lifetime); % saving the lifetime in csv format
close(h)
h = figure;
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temp_V = temp_V/max(temp_V); % normalizing the decay for comparison
plot(T,temp_V);
[l,m]=ginput(1); % selecting the point to omit the rising portion for better display
indices = find(T<l); % omitting the rising portion of time axis and adjusting the offset
T(indices)=[];
temp_V(indices)=[]; % omitting the rising portion of voltage axis and adjusting the offset
plot(T-l,temp_V);
xlabel('time(sec)')
ylabel('PCD Signal(A.U)')
saveas(h,strcat(FileNames,'-11'),'jpg') %saves the normalized curve with rising part omitted
saveas(h,strcat(FileNames,'-fig'))
end
end
fclose(fileID);

MATLAB Code for comparing multiple curves in a single file

folder_name = uigetdir;

%asks user input to select folder

Files=dir(fullfile(folder_name,'*.fig'));

% gives files in the selected folder

cd(folder_name)
for k=1:length(Files) % opening the saved figures
FileNames=Files(k).name;
if strcmp(FileNames,'.') || strcmp(FileNames,'..') % rejecting the dummy figure files
continue
else
59

if (k==1) % opening the very first figure which would serve as the base file for comparison
figx(k) = open(FileNames);
ax(k)=get(figx(k), 'Children');
ax1=ax(1);
end
if (k>1) % opening the subsequent figure files and copying on the parent figure
figx(k) = openfig(FileNames,'new','invisible');
ax(k)=get(figx(k), 'Children');
ax2=ax(k);
for i = 1 : numel(ax2)
ax2Children = get(ax2(i),'Children');
copyobj(ax2Children, ax1(i));
end
end
end
end
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Appendix-B

Calculations for carrier generation in different samples

A simple theoretical model has been used to estimate the excess carrier generation in different
semiconductor specimens used in this work. The rated power of the laser is used to find the number
of photons emitted by the laser per second.

(6.1)
where

is the center operation frequency. The number of photons/sec is of the order of 1017 /sec for

each laser diode. The reflectivity, R, of a sample as a function of wavelength is then referred to from
literature and the number of photons transmitted per second are found by subtracting the surface
reflection. A reasonable approximation of normal incidence is made here.

(6.2)
The reflection co-efficients of silicon and germanium as a function of photon energy are as follows:

(a)

(b)

Fig. 6-1 Reflection Co-efficient as a function of photon energy for (a) Si [36] (b) Ge [24]
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The number of transmitted photons is equal to the number of absorbed photons for bulk
samples, where it has been assumed that the thickness of the sample is large as compared to the
absorption depth at that wavelength. For, thin film SOI however, the number of absorbed photons is
calculated in accordance with Beer Lambert’s law:

(6.3)

where

is the number of photons which pass through the film (without getting absorbed) per

second and α is the absorption co-efficient (Fig. 2.8 (a)). The number of photons absorbed for each
sample is of the order of 1016/second. It is to be noted that Beer Lambert’s law describes the
relationship between absorbed and transmitted intensities which is directly proportional to operating
power, and hence, number of photons.

The next step is to find the number of photo-carriers/second which are actually contributing to
photo-current in the specimen. This number is quantified by finding the internal quantum efficiency
of the material, which takes into account the losses and defines the ratio of photo-carriers produced to
the ratio of absorbed photons. The internal quantum efficiency is found using the following relation
[38]:

(6.4)

In this equation, SR, is the spectral responsivity of the sample as a function of wavelength.
While the internal quantum efficiency of silicon is calculated from the spectral response plot below,
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the IQE numbers for germanium are directly referred from [37]. The number of photo-electrons
generated are also roughly of the order of 1016/sec.

Fig. 6-2 Spectral Response of Silicon as a function of wavelength [38]

To find the concentration of excess carriers generated after an illumination pulse, the volume
of the sample in which carrier generation takes place needs to be estimated. With no loss of
generality the footprint (or the illumination area on the sample) of each laser is approximated to be
circular in shape (it is elliptical in reality) with equal areas for all lasers. Thus, the volume is
cylindrical with the height defined by the absorption depth and radius equal to 3mm. Now, the actual
concentration of the excess carriers can be found by solving the time dependent continuity equation
for a square pulse which will result in complex series of even and odd functions (as explained in
Chapter 2). A quick estimate, however, can be found by multiplying the concentration/sec with the
pulse ON time (assuming the laser pulse to be impulse in nature such that the carriers are produced
instantaneously).
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The estimates of the excess carrier concentrations are tabulated below. The photon absorption
in the top silicon layer is about 5 percent with the 658nm diode and about 1 percent with the 980 nm
diode, which suggests that these diodes should not be used to characterize the near surface properties
of the thin film SOI structures. The numbers also suggest a case of high level injection in the 405 nm
diode because of high operating power. A lower power diode will predict the lifetimes more
accurately.

Table 6.1 Excess carrier concentrations (in cm-3) at the end of the illumination pulse for different
samples at different excitation wavelengths
Diode λ
405 nm

658 nm

980 nm

1550 nm

Silicon

1.4e+17

3.62 e+15

2e+15

-

Germanium

4.4e+15

2.12e+14

2.1e+14

9e+14

SOI- 1

8.4e+16

1.9e+14

2.5 e+13

-

SOI- 2

7e+16

1.45e+14

2e+13

-

SOI- 3

7.8e+16

1.7e+14

2.3e+13

-

Sample
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Appendix-C

Near-Surface PCD measurement tool setup
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