
DIPLOMARBEIT 

Fabrication and Evaluation of Test Structures for 
Precise Dose Control of Ion Implantation 

Equipment in Semiconductor Manufacturing 

zur Erlangung des akademischen Grades 

Diplom-Ingenieur/in 

im Rahmen des Studiums 

Masterstudium Technische Physik 

eingereicht von 

Andrea Fugger 
Matrikelnummer 01621480 

ausgeführt am Institut für Angewandte Physik 
der Fakultät für Physik der Technischen Universität Wien 
(in Zusammenarbeit mit Infineon Technologies Austria AG) 

Betreuung 
Betreuer/in: Univ.Prof. Dipl.-Ing. Dr.techn. Markus Valtiner 
Mitwirkung: Dr.techn. Ingo Muri (Infineon Technologies) 

Wien, 31.03.2023 
(Unterschrift Verfasser/in) (Unterschrift Betreuer/in) 



Abstract

As process windows for microchip fabrication become smaller, more accurate process con-
trols are necessary, especially for ion implantation. This work focusses on developing test
methods and structures for fast and precise dose monitoring for p- and n-type implants
into silicon with productive doses and evaluating them against an existing process on un-
structured wafers. The structures are based on layouts provided by Infineon Technologies
Austria AG and were tested with implant doses in the range of 1013 cm−2 to 1015 cm−2

regarding sensitivity, uniformity and accuracy. First results show an improved uniformity
and stability through the use of statistical methods on unstructured wafers. The test
structures were measured with a 4-point probe measurement and allow the monitoring of
p- and n-type implants with a defined geometry.
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technisch überprüft wird. Dies stellt einerseits sicher, dass bei der Erstellung der hier
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Chapter 1

Introduction

The trend in semiconductor technologies goes to ever smaller and more efficient devices.
To accomplish this, new technology generations allow fewer variations in the production
process, resulting in a need to achieve a higher precision in tool monitoring. One of
the critical processes during semiconductor microchip fabrication is the implantation of
dopants.

The determination of the differences in electrical parameters based on dopant concentra-
tions in silicon has been a matter of interest for at least 80 years. At first the properties
of silicon doped in the melt were determined.[1], [2] With the revolutionary addition of
an annealing step after the bombardment of a material with ions by Shockley [3], ion im-
plantation started its way to become one of the essential process steps in semiconductor
fabrication. With this also came the need to accurately measure the implanted ion con-
centration. Thermal wave techniques proved to be an effective way of measuring the ion
implantation dose for productive wafers, since the measurement is non-destructive and
the results show a high correlation to the electrical parameters influenced by the implant.
[4] While thermal wave measurement techniques are without a doubt useful for measuring
the implanted dose immediately, as it uses the damage generated by the implantation,
without the need for an annealing step, they do not account for the final electrically active
dose in the material. They are best used for doses where the amorphisation of the target
material is not an issue. [5]

Another popular way to monitor ion implantations is through the use of the sheet resis-
tance. A direct comparison between those two measurements from Falk et al. [6] showed,
that both systems react with different sensitivities to the implanted dose, due to the
non-linear relationship between the dose and the measured parameter and their different
reaction to other process parameters. The measured sheet resistance for example is more
or less constant for differing beam currents, but can be affected by the annealing step
or the removal of a scattering oxide. A thermal wave measurement on the other hand is
based on the damage caused by ion implantation and also measures the oxide thickness,
no annealing step or oxide removal is needed. It is not influenced by the bulk doping of the
wafer. The impact of a change in beam current is higher for thermal wave measurements,
than for sheet resistance. This might lead to misinterpretations of the results, if the beam
current varies. [6] While both sheet resistance measurement and thermal wave measure-
ment offer advantages, they both use a whole wafer as a sample. As such the geometry
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of the measured region is only defined by the crystal damage or by the change in dopant
type. Using test structures with defined geometry would eliminate the need for corrective
factors and for surface-near implants. This would allow the determination of ion implanter
variations under different conditions, that are closer to productive conditions.

This thesis aims to fabricate and evaluate such semiconductor test structures to provide
an accurate way of monitoring p- and n-type implants into silicon in a wide range of
implant doses and energies with sufficient accuracy. Additionally the effect of multiple
implants compared to single implant processes is assessed.
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Chapter 2

Fundamentals

This chapter aims to provide an overview of the most important concepts that will be
used during this thesis.

2.1 Silicon Fundamentals

Silicon is a semiconductor that crystallises in the diamond structure with covalent bonds
and shows the typical bandstructure for semiconductors with a valence and a conduction
band made up of subbands, separated by a bandgap without allowed energy states, as
seen in fig. 2.1. The difference between the highest possible state in the valence band and
the lowest state in the conduction band is the bandgap Eg. For silicon this difference is
1.12 eV at room temperature. The minimum of the conduction band and the maximum
of the valence band are offset against each other, leading to an indirect band gap for
Silicon.

Through the use of dopant atoms, the bandgap can be reduced, by creating allowed
states within the gap. Dopant atoms are classified into donors and acceptors. Donors are
substitutional atoms with one more valence electron than silicon and donate this electron
to the conduction band. A material doped with donors is called n-type. Acceptors also
take the place of a silicon atom in the lattice, but they have one valence electron less and
accept an electron, while leaving a positively charged hole in the valence band. A material
doped with acceptors is called p-type. For silicon with 4 valence electrons, boron acts as
an acceptor and phosphorous as a donor. The energy states of donors and acceptors are
close to the allowed bands. For boron it is located 0.044 eV above the valence band edge,
while the phosphorous state is 0.046 eV below the edge of the conduction band. Their
small ionization energies result in ionized dopant atoms at room temperature, meaning,
that dopant atoms at lattice sites are electrically active. [7, pp.1-23]

2.2 Implanter

During an ion implantation process a beam of accelerated ions is scanned over a wafer.
The ions stop within the wafer through elastic nuclear collisions and electronic deceler-
ation. In a first approximation, the implanted profile can be described by a gaussian
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Figure 2.1: Energy band structure of Silicon. Used with permission of
Wiley-Interscience from [7, p. 14]; permission conveyed through

Copyright Clearance Center, Inc.

distribution. The depth of the profile peak is determined by the initial energy and its
width is determined by statistical straggling. In general, for higher implantation energies
the straggling increases leading to a wider distribution of the profile and a reduced peak
height. If the direction of the incident ion beam aligns with a particular axis of the silicon
crystal, channeling occurs. Under channeling conditions the chance of nuclear collisions of
an incident ion is reduced dramatically enabling the ion to reach deeper into the crystal.
Channeling can be avoided by tilting and twisting the wafer, using a scattering oxide
or by a pre amorphisation implant. The collisions of the incident ions with the silicon
atoms generate crystal damage in the form of vacancies and interstitial Si in the target
material. The depth profile of the generated defects is similar to the energy deposition
along the scattering path of the implanted ions. The implant damage depends on the
implant energy, the ion mass and the final dose. For high values of those parameters
the crystal can be amorphized. After the implantation the dopant must be thermally
activated and incorporated into the crystal structure at a substitutional site. This can
be done by a fast annealing step at high temperatures, like Rapid Thermal Annealing
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(RTA). Typically this process uses temperatures above 1000➦C for short durations in the
range of 10 s to 60 s. Through the short annealing time the dopant ions do not diffuse
far. Their depth distribution can still be approximated by the distribution before the
annealing step. [8] During the course of this thesis medium current ion implanters of the
VIISta 900XP and VIISta 900 3D lines from Applied Materials were used. Figure 2.2
shows the beam transport system of such an implanter. In an ion source the process gas
with the desired dopant species is ionized. Those ions are then extracted from the source
and filtered. Depending on the chosen energy the ions are accelerated or decelerated in
the accel/decel column, before a mass analysis takes place. The VIISta 900 3D plattform
offers the possibility to adjust the beam shape by a quadrupole. In the scanner the beam
is horizontally scanned with a frequency of about 1 kHz to broaden the effective beam to
the width of the wafer. After the scanning the beam must be parallelized by a collimator
to achieve the required angle accuracy of 0.1◦. At the end, in the process chamber the
wafer is moved by a mechanical system vertically through the scanned beam. The speed
and amount of times the wafer passes through the beam depends on the achieved beam
current and the required dose. [9] [10]

Figure 2.2: VIISta 900 3D beam transport system. Taken from [10]
➞2014, IEEE

2.3 pn-Junction

In the event of neighbouring n-doped and p-doped areas within a semiconductor, an
abrupt pn-junction is formed. If the impurity concentration on one side of the junction
is significantly higher than on the other side, the junction is referred to as a one-sided
abrupt pn-junction.
In thermal equilibrium ”the condition of zero net electron and hole currents requires that
the Fermi level must be constant throughout the sample.”[7, p.81] In case of a one-sided
pn-junction the depletion region extends farther into the lightly doped side than into the
heavily doped side. As seen in fig. 2.3, a depletion region is created at the junction.
The mobile charge carriers of this region recombine, leaving only the atomic cores of the
dopants. An electric field is generated by the acceptor and donor ions. Integrating over
the field results in the built-in potential Ψbi. At equilibrium the carrier densities on either
side of the junction can be described by equation 2.1
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Ψbi =
kT

q
ln

�
pp0
pn0

�
=

kT

q
ln

�
nn0

np0

�
(2.1)

where nn0 and pn0 refer to the equilibrium concentrations of electrons and holes within the
n-type side of the junction, while np0 and pp0 describe the concentrations on the p-type
side. The built-in potential can be used to calculate the width of the depletion region
with formula 2.2.

WD =

�
2ϵsΨbi

qN
(2.2)

Here N is either the acceptor or donator impurity concentration, depending on which
concentration is higher. The permittivity of the semiconductor is given by ϵs. For a
junction under bias, Ψbi is replaced by Ψbi − V , where V is the applied voltage. The
width of the depletion region is reduced or increased for forward or reverse bias. [7, pp.
80]

2.4 Metal-Semiconductor-junction

The information for this section was taken from [7, pp. 135-191].
At a Metal-semiconductor-junction the semiconductor Fermi level is changed to match
that of the metal through bending the conduction and valence bands. A negative charge
is build up on the metal side of the interface and a depletion layer is formed in the semi-
conductor. This results in a potential barrier qΦBn0, that limits the electron movement.
For an n-type semiconductor the barrier can be described as qΦBn0 = Φm − χ, where Φm

is the work function of the metal and χ is the electron affinity of the semiconductor. For
a p-doped semiconductor in contact with a metal, the barrier height is equal to the band
gap minus this difference.
Concerning the band-diagram the metal-semiconductor junction is similar to an abrupt
pn-junction. With this the width of the depletion layer is

WD =

�
2ϵS
qND

�
Ψbi − V − kT

q

�
, (2.3)

which is similar to eq. (2.2) under bias. The additional term kT/q is due to the tail of the
majority-carrier distribution.
Sze [7] mentions 2 assumptions for the barrier height. Firstly both materials are in contact
with each other, separated only by an interfacial layer. This layer has atomic dimensions,
so it is transparent for electrons. Secondly only the semiconductor influences the interface
states. This leads to 2 limiting cases, one were the surface states pin the Fermi level above
the valence band and one were the surface states are neglected and the barrier is described
by an ideal Schottky barrier.
For a metal-n-type Si this results in qΦBn0 = 0.27qΦm − 0.52. For contact with Si the
formation of silicides is advantageous, as it allows for a higher reproducibility of the
Schottky barriers. It is possible to adjust the height of the barrier either by choosing
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Figure 2.3: ”Abrupt p-n junction in thermal equilibrium. (a)
Space-charge distribution. Dashed lines indicate corrections to
depletion approximation. (b) Electric-field distribution.(c)
Potential distribution where Ψbi the built-in potential. (d)
Energy-band diagram.”[7, p. 80] Used with permission of

Wiley-Interscience from [7, p. 80]; permission conveyed through
Copyright Clearance Center, Inc.

a metal with a suitable work function or by changing the dopant concentration in the
semiconductor. A thin, highly doped layer on the semiconductor side of the junction
interface can be used to lower the barrier if its dopant type is the same as the dopant
type of the semiconductor. The current transport through the junction is dependent on
the majority carriers. During the main transport process at room temperature electrons
overcome the potential barrier starting from the semiconductor side. Alternative transport
processes are quantum tunneling, recombination, diffusion of electrons into the depletion
region and the injection of holes from the metal into the semiconductor. For high dopant
concentrations on the semiconductor side tunneling becomes the main process. It is a
characteristic of an ohmic metal-semiconductor junction. The Schottky barrier height for
n-type Si in contact with Ti or TiSi2 is below 0.6V. In general the barrier is reduced
through the formation of the silicide.
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Chapter 3

Methods and Materials

This chapter presents an overview of the methods, materials, formulas and programs used
during this thesis.

3.1 Statistical expressions

In the following chapters a variety of standard deviations will be used. While all of them
are calculated as normal standard deviations for a sample, the data sets on which they
are based differ. Standard deviations will be normed on the median of the underlying
dataset and given in percent for better comparability.

3.1.1 Total standard deviation

Total standard deviation refers to the standard deviation over all measurement points
within a group. It includes all systematic and random variations that occur.

3.1.2 Run-to-Run standard deviation

The Run-to-Run standard deviation is calculated between the median values of several
runs. A run in this case refers to a collection of wafers, that were processed together. As
an example, wafers that were implanted directly after each other on the same tool with the
same implant conditions belong to the same run, while wafers that were implanted with
the same conditions, but at different times or tools, cannot be counted within the same
run. This is due to random and systematic variations in the state of the ion implantation
tool. Random variations occur when different implant conditions, such as a change in
implant species, dose or energy are chosen and the tool needs to recalibrate. Systematic
variations can occur, when e.g. the ion source is near the end of its life cycle or a
maintenance action was taken. A low Run-to-Run standard deviation denotes smaller
changes due to tool variations. A high value of this parameter is an indication that there
is a problem.
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3.1.3 Wafer-to-Wafer standard deviation

The Wafer-to-Wafer standard deviation is calculated between the median values of all
wafers within a single run. It can not be calculated if the run consists of only a single
wafer. Since only a single run is the basis for this calculation, only random variations are
seen.

3.1.4 Uniformity

The uniformity describes the standard deviation over a single wafer. If the uniformity is
given for more than one wafer, it refers to the mean value of the calculated uniformities
within a group of wafers.

3.2 Programs

Data analysis was mainly done with Python 3.9 and programs based on the packages
numpy 11.22.3 [11], seaborn 0.11.2 [12], pandas 1.4.2 [13], scipy 1.8.0 [14] and matplotlib
3.5.1. [15]. For the simulation of ion implantation profiles for different implant conditions,
the software SRIM [16] in the version SRIM-2013.00 was used.

3.3 Materials

The materials and equipment used for all described experiments were provided by Infineon
Technologies AG unless explicitly stated otherwise. The experiments were done at the
Infineon Technologies sites in Villach and Dresden with the help of the production teams
from both sites. Wafers with a diameter of 300mm and a thickness of 775 ➭m were
provided with two types of base material. The first material was silicon with a resistivity
of 40Ω cm to 145Ω cm, orientation (100) and phosphorous doping in the range of 3.05×
1013 cm−3 to 1.11× 1014 cm−3. It will be referred to as n-type Si in later chapters.
The second material was silicon with a resistivity of 10Ω cm to 26Ω cm, orientation (100)
and boron doping in the range of 5.16× 1014 cm−3 to 1.36× 1015 cm−3. It will be referred
to as p-type Si.

3.4 Sheet resistance measurement

The 4-point-probe is the method used most often to measure the sheet resistance of a
material. It uses four equidistant contact probes, that form a line and are brought into
contact with the wafer. A current is passed through the outer points of the probe and the
voltage drop between the inner points is measured. The resulting sheet resistance RS is
”the ratio of the DC voltage drop per unit length to the surface current per width”.[17,
p. 89] The resistivity ρ in Ω cm is defined as

ρ =
1

n · e · µ (3.1)

14



with n . . . carrier concentration, electronic charge e = 1.602 · 10−19C and carrier mobility
µ. The resistivity does not depend on the geometry of the sample.
The sheet resistance RS with unit Ω/� is given by

RS =
ρ

d
(3.2)

where d is the thickness of the measured sample. This formula assumes a homogeneous
distribution of dopants through the entire sample. For the calculation of the sheet re-
sistance following an implant step, the formula needs to account for a non-homogeneous
dopant distribution as well as the change in mobility, depending on the dopant concen-
tration. This results in

RS =
1�

eN(x)µ{N(x)}dx (3.3)

like it was used by Spangenberg et al.. [18] Assuming a constant dopant concentration
within a sufficiently small part δx of the total sample thickness t, the integral can be
approximated as

RS =
1�

i

1

RSi

(3.4)

where the RSi
are calculated with eq. (3.2). The sheet resistance RS can be converted to

resistance R as follows.

R = ρ
l

A
= ρ

l

d · w = RS · d l

d · w = RS
l

w
(3.5)

Here w is the width of the sample and l is the distance between the two inner contact
points of the four-point-probe setup. The main advantage of using a four-point-probe
instead of a two-point-probe is the elimination of the contact resistance and the resulting
gain in accuracy. [18, 19] To get a reliable measurement the thickness of the conducting
layer must be ”less than 40% of the probe spacing”. [17, p. 85] Sheet resistance mea-
surements on unstructured wafers were done with a probe spacing of 0.6mm. The typical
implant profiles reached a depth of approximately 200 nm. The condition for reliable
measurements was therefore met.

There are a number of parameters which have an impact on the measured sheet resistance.
In the following sections the parameters in the process steps implantation, annealing and
measurement, that have the highest impact on the measurement are discussed. The
influence of the scattering oxide in terms of thickness or formation process as well as of
the various cleaning steps was not examined. While the angle between the beam and the
wafer also influences the resulting sheet resistance due to a change in the implant profile,
this parameter was not examined during this thesis. Instead a fixed angle of either 7◦

or 0◦ was chosen, depending on whether or not the implanted wafer was structured or
not.

15



3.4.1 Implant Parameters

The implant parameters varied for this thesis were the implant dose, energy and beam
current. As a reminder, the formula for the sheet resistance is calculated with

RS =
ρ

t
=

1

n · e · µ · t
The implant depth t is controlled by the energy. The mobility µ and the number of
dopants n depend on the implanted dose. Assuming a homogeneous distribution of the
dopants, the implanted dose in cm−2 divided by the implantation depth in cm returns
n.

n =
Dose

d
(3.6)

Several models for the relationship between µ and n have been proposed. [20, 21, 22, 23,
24, 25] Depending on the model the value for the mobility varies. Most values found in
the literature for the mobilities of electrons and holes, µe and µh, are either based on the
formulas (3.7a), (3.7b) from Masetti et. al [20], on (3.8a), (3.8b) from Arora et. al [21]
or on models derived from one of them [22].

µe = 68.5 +
1414− 68.5

1 +
�

n
9.2×1016

0.711 − 56.1

1 +
�
3.41×1020

n

1.98 (3.7a)

µh = 44.9e
−9.23×1016

n +
470.5

1 +
�

n
2.23×1017

0.719 − 29

1 +
�
6.1×1020

n

2.00 (3.7b)

Equation (3.7a) is valid for room temperature and phosphorous doping in a range of
1013 cm−3 to 5 × 1021 cm−3, while eq. (3.7b) is valid for boron doping in the range of
1014 cm−3 to 1.2× 1021 cm−3.

µe = 88 ·
�

T

300

�−0.57

+
7.4× 108 · T−2.33

1 + 0.88

�
Nd

1.26×1017( T
300)

2.4

� �
T
300

−0.146
(3.8a)

µh = 54.3 ·
�

T

300

�−0.57

+
1.36× 108 · T−2.23

1 + 0.88

�
N

2.35×1017( T
300)

2.4

� �
T
300

−0.146
(3.8b)

The formulas (3.8a), (3.8b) given by Arora et. al are valid for temperatures between
250K to 500K and dopant concentrations in the range of 1013 cm−3 to 1020 cm−3. Where
necessary, calculations were done with the resulting mobilities from both sets of formu-
las.
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3.4.2 Base Material

The dopant concentration of the base material has an influence on the measured sheet
resistance. It depends on the dopant concentrations of the base material and of the
implanted species. As stated in [26] the implanted species and the base material are usu-
ally of opposite type, meaning that a p-type implant should be combined with a n-type
substrate and vice versa. This has the advantage of a pn-junction as an isolating mea-
sure between the implanted area and the rest of the substrate material. It also results
in a partial neutralisation of the implanted dose with the dopants of the base material.
For optimal monitoring conditions, the dopant concentration of the base material should
therefore be as stable as possible between different samples and several orders of mag-
nitude below the concentration of the implanted species. Under the assumption of a
uniform dopant distribution for the base material and the implanted layer, ”the amount
of the implanted dosage which is neutralized and depleted in a unit area Ddel, can be
approximated as:”[26]

Ddel = Dst+ 3.64× 103
�

(Di −Dst)
Ds

Di

(3.9)

where the substrate doping density Ds is given in cm−3, the implanted dose Di is given
in cm−2 and the layer thickness t is given in cm.

3.4.3 Anneal

The Anneal following the implantation is used to heal crystal damage caused by the
implantation and to electrically activate the dopant atoms. Dopant atoms implanted into
the material are incorporated into the silicon lattice as substitutional atoms.[27]

3.4.4 Four-Point Probe Measurement Tool

The sheet resistance measurement for unstructured wafers was done with a four-point
measurement on Omnimap RS200 measurement tools. All sheet resistance measurements
for this thesis were done at room temperature, with either 49 or 441 measurement points.
The number of measurement points was mainly a factor in determining the uniformity
across the wafer. The needles used to contact the wafers were monitored and replaced
regularly to eliminate contact issues. Each needle was pressed to the wafer surface with
100 g.

3.4.5 Sensitivity

A point that must not be overlooked is the sensitivity of the measurement on certain
changes in parameter values. As stated by Hamby, ”the simplest approach to sensitivity
analysis is the one-at-a-time method”[28], where the parameters influencing the output
are varied separately. Hamby also mentions that this method is also known as ”’local’
sensitivity analysis” [28], due to it’s dependence on the base case. Therefore, the analysis
needs to be repeated for every change of the base case.[28]

During the course of this thesis, local sensitivity analysis was performed to evaluate the
influence of the parameters described above. The method was chosen over other possible
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Table 3.1: Maximum Deviations possible for each process step in
section 3.5

Parameter max. Deviation Unit

Counter Dose 3 %
Annealing Time 1 s

Annealing Temperature 3 ◦C
Energy 1 keV

Base Material 14 %

sensitivity analysis techniques, since the final process should be fixed with only small
changes in parameter values, therefore providing a stable base case.

To evaluate the sensitivity, wafers were implanted with the procedure specified in sec-
tion 3.5, while varying the process parameters. Sensitivities were calculated under the
assumption of linearity in case of small variations with formula (3.10)[28].

S =
△Y [%]

△Xi [%]
(3.10)

In eq. (3.10)△Y [%] is the observed change after a small implemented change of parameter
X. Both are given in %.

For the ease of comparison sensitivity values will be given with regard to percentages. As
an example, the sensitivity of the sheet resistance on a change in the implanted dose is
then given by dRS [%]/dD[%]. For exceptions the units will be explicitly mentioned.

3.4.6 Repeatability

The sheet resistance measurement method is further characterised by its repeatability.
Repeatability is defined as the variation between measurements taken with the same
measurement system, by the same operator, on the same sample under the same condi-
tions. It is used in combination with the sensitivity to determine if a measurement system
or method is capable of measuring a certain variable. [29]

As stated by Smets et. al [30] the calculated sensitivities Si, in combination with their
expected standard deviations σi and the measurement repeatability can be used to ap-
proximate the total expected variance for a measurement with formula

σ2
tot = S2

dose · σ2
dose +

�
i

S2
i · σ2

i + σ2
repeatability (3.11)

The maximum deviations for each process in section 3.5 can be taken from table 3.1.

In accordance with [29], the gage capability of a measurement can then be calculated
with eq. (3.12), where Range is the tolerance range for the whole process. For the sheet
resistance measurements on unstructured wafers this range is assumed to be 60.

GRR% =
6σtot

Range
(3.12)
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3.5 General Processflow for unstructured wafers

The experiments on unstructured wafers followed the general processflow depicted in
fig. 3.1. Wafers were cleaned with Standard Clean 1 (NH4OH/H2O2/H2O) and Standard
Clean 2 (HCl/H2O2/H2O). A 30 nm thick SiO2 layer was deposited to avoid channeling
during the ion implantation. After the ion implantation the wafers were again cleaned
with Standard Clean 1 and Standard Clean 2 and annealed in a Rapid Thermal Annealing
(RTP) process. Following an oxide removal step with a 10% HF solution and a cleaning
step with Standard Clean 1 and 2, the wafer was measured with a 4-point-probe on 441
measurement sites. The resulting values allowed conclusions to be drawn about the dose.
As a base case for this processflow a dose of 1.5× 1014 cm−2 implanted with an energy of

Figure 3.1: General process flow used for experiments on
unstructured wafers

45 keV at an angle of 7◦ and annealed with a temperature of 1040 ◦C for a duration of 30s
was chosen.

The plausibility of the measurement results was checked trough the simulation of the im-
plantation profile with the software SRIM in the version SRIM-2013.00. The implantation
profiles for a given set of implant conditions were extracted and the sheet resistance was
calculated with equations 3.2 and 3.4, with a δx of 1 nm. The mobility for each RSi

was
calculated with eqs. (3.7a), (3.7b), (3.8a) and (3.8b).

3.6 Theoretical background for multiple implants

Based on the rules for the calculation of the variance of a sample, the variance of the
implanted dose X depending on the number of implant steps n is given by equation
3.13.

V ar

�
1

n

n�
i=1

Xi

�
=

1

n2

�
n�

i=1

V ar (Xi)

�
=

n · σ2

n2
=

σ2

n
(3.13)
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The resulting standard deviation is then given by

σ 1
n

�n
i=1 Xi

=
σX√
n

(3.14)

Therefore the standard deviation for a single implanted dose should be higher than the
deviation for 10 implant steps with 1/10 of the dose by a factor of

√
10. This reduction

of random variations enables a better identification of systematic variations. While this
reduction is visible for all 4 variations outlined in section 3.1, it is most noticeable for
Run-to-Run variations.

3.7 Low Energy Ion Scattering

Low Energy Ion Scattering (LEIS) was used to analyse the surface of unstructured wafers
in regard to its atomic composition. LEIS measurements were performed as an external
measurement by the Center of Electrochemical and Surface Technology (CEST) in Wiener
Neustadt.
The technique uses noble gas ions and energies below 8 eV to probe a sample from the
first monolayer to a depth of up to 10 nm and is not influenced by matrix effects. Ions of
mass m1 with starting energy E0 are scattered by the sample atoms of mass m2 and their
final energy Ef after the scattering processes is measured by a detector typically fixed
under an angle Θ.

Ef =

		 cosΘ+

��
m2

m1

�2

− sin2Θ

1 + m2

m1

��
2

· E0 (3.15)

Equation (3.15) [31, p. 419] describes the relationship between E0 and Ef . Since m1, E0

and Θ are fixed and Ef is measured, the only unknown is m2, which can be calculated by
transforming eq. (3.15).
It must be noted, that only a fraction of the incident ions NP contribute to the mea-
sured signal from the first monolayer. The efficiency of the detector, surface roughness,
scattering cross section, probability of primary ions remaining ionised and the atomic
concentration of the surface elements reduce the measured signal by a factor of 1× 10−7

compared to NP . The main part of the other ions reach greater depths of the sample and
are scattered there and have to be reionized as they leave the sample again to contribute
to the signal as low energy tails of the surface scattering peaks, where the tail width
indicates the depth distribution and the height indicates the concentration of an element
in the sample. The rest of the primary ions do not reach the detector.
Different cleaning techniques may be used to prepare the sample. Typical results are
plotted as a function of the signal intensity given in counts/nC, which describes ”the
measurement signal normalized to the number of primary ions used”[31, p. 424], to allow
an easier comparison between spectra recorded under different conditions. [31, pp. 419-
424]
The LEIS results described in section 6.3 were measured on an ION-TOF Qtac100 high
sensitivity LEIS spectrometer with a primary beam of Helium ions with 3 keV and a cur-
rent of 2.05 nA to 2.14 nA. A Faraday Cup was used to measure the current. The incident
angle was 0◦ and the scattering angle Θ was 145◦. The measurement area was 2× 2mm2.
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Sputtering was done with Argon ions at 500 eV, a current of 100 nA, 59◦ incident angle,
for 40 s over an area of 2.5× 2.5mm2.

3.8 Vapor Phase Decomposition

Vapor Phase Decomposition (VPD) was used in combination with Inductively Coupled
Plasma Mass Spectroscopy (ICP-MS) to further analyse the impurities on the surface
of unstructured wafers. During the VPD wafers with a native oxide are exposed to HF
vapor. The native oxide is etched by the HF and the resulting water droplet containing the
impurities that were on or in the oxide is then collected. The collected droplet is analysed
with the ICP-MS. It is ”nebulized and ionized in an inductively coupled plasma. Once
in ion form, the ions are analyzed in a mass spectrometer, most commonly a quadrupole
mass spectrometer”[32, p.667]

3.9 Total X-Ray Fluorescence Spectrometry

Total X-Ray Fluorescence Spectrometry (TXRF) can be used to determine contaminants
on a wafer surface. Monochromatic x-rays hit the wafer at an angle below the limiting
angle of the total reflection and are used to excite electrons in the lower shells of the
target material atoms. Their previous state is then filled by an electron from a higher
shell, that emits radiation characteristic for the energy difference between the involved
shells. Through this the elements on the wafer surface can be determined. [33]
TXRF measurements for this thesis were performed under clean room conditions with a
Rigaku 310V with 35 keV, 255mA. 277 points were measured per wafer.
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Chapter 4

Unstructured Wafers

This chapter concerns experiments done on unstructured or blank wafers, that were sub-
jected to single or multiple implants and various annealing conditions. Some wafers were
implanted multiple times with low doses instead of a single implant with a high dose. The
intention was to reduce the standard deviation through the use of statistical effects. For
a few wafers an additional, slightly deeper implant of the opposite doping type was made
to create a pn-junction under the first implant to be measured. This was done to suppress
parasitic contributions from the bulk to the four-point measurement, in cases where the
bulk doping was of the same type as the implant. In such cases the additional implant
will be referred to as a counter implant, while the implant that is to be measured will be
called active implant.

4.1 Sensitivity

To evaluate the sensitivity of the sheet resistance measurement on influences from the
process flow on the base case described above, local sensitivity analysis was performed
as described in section 3.4.5. The parameters used for this analysis were the dopant
concentration within the base material, the thickness of the scattering oxide, implant
dose and energy of the active and counter implant, annealing temperature and annealing
time. As seen in table 4.1 the implanted dose showed the highest impact on the sheet
resistance. As a result the implanted dose was chosen as the defining feature of the base
case and multiple local sensitivities were calculated.

4.1.1 Annealing

Figure 4.1 shows the results of an RTP parameter split experiment for phosphorus im-
planted wafers. 12 Wafers were preprocessed according to 3.5 and implanted with 1.5 ×
1014 cm−2 phosphorus at 115 keV and with a 1.5 × 1013 cm−2 boron counter implant at
150 keV. Each wafer saw different annealing conditions. Wafers were annealed at 1000 ◦C,
1040 ◦C, 1050 ◦C, 1100 ◦C, with one wafer per temperature at times of 30 s, 60 s and 90 s.
As seen in fig. 4.1 the base case parameters 1040 ◦C and 30 s resulted in the lowest sheet re-
sistance among the split groups. Wafers annealed at temperatures ≤1040 ◦C show increas-
ing sheet resistance with increasing time. For wafers annealed at 1050 ◦C and 1100 ◦C the
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Parameter Boron Phosphorous

Substrate Doping Concentration -0.0040 -0.0020
Scattering Oxide 0.053 0.053

Dose -0.7492 -0.6749
Energy -0.5817 -0.2401

Anneal Temperature -0.0038 0.0044
Anneal Time -0.0094 -0.0085

Parameter Repeatability: Repeatability:
Boron Phosphorous

RS measurement 0.1130 0.6538

Table 4.1: Sensitivity values for the critical parameters. The
values were calculated as described in section 3.4.5 with data from
experiments in section 4.1.1, section 4.1.2 and section 4.1.3 for the

base case of 1.5× 1014 cm−2

.

sheet resistance decreased with increasing time. It is notable, that the median values are
close to 372Ω/� for the shortest time and increase toward 375Ω/� for low temperature
annealings. For high temperature annealings the opposite behaviour was observed.

To evaluate the influence of the annealing parameters on the sheet resistance of boron
implanted wafers, 9 wafers were preprocessed following the general process flow for un-
structured wafers with the base case values for boron implantation. At the RTP process,
wafers were annealed with 1020 ◦C, 1040 ◦C and 1060 ◦C. For each temperature a wafer
was annealed for a duration of 15 s, 30 s or 60 s. After the anneal, the wafers were stripped
of the scattering oxide following the general process flow and measured.
The resulting sensitivities with regard to annealing time and temperature can be taken
from table 4.1.
Figure 4.2 shows the sheet resistance values for the different annealing conditions. It is ev-
ident, that longer annealing times lead to a slight decrease in sheet resistance, but the very
low sensitivity values indicate small variations of the considered annealing temperature
and time do not significantly effect the sheet resistance.

4.1.2 Dose

A dose split was performed for As and P into p-type Si with 250 keV and 115 keV re-
spectively. Another dose split was done for B with 45 keV into n-type Si. P and B were
implanted under an angle of 7◦ and As under 0◦. The energies were chosen to create
implant profiles with similar depths. All other processes were performed as described in
section 3.5. The implant doses and the medians of the resulting sheet resistances per
wafer, along with their respective standard deviations are given in table 4.2. P and As
show similar values for the sheet resistances for all 5 doses, but the standard deviations
for P are slightly higher. B shows higher sheet resistances, but lower standard deviations
compared to As and P for all doses. Qualitatively the sheet resistances become lower the
higher the implant doses are, as is expected for all three species.
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Figure 4.1: RS values of RTP parameter split experiment, grouped by
annealing time and temperature for phosphorus ion implantation.

Figure 4.3 shows, that the relationship between the sheet resistance and the implanted
dose can be described by the following power law,

RS = eb ·Da (4.1)

with the sheet resistance RS in Ω/� and the implanted dose D in cm−2. The parameters
a and b can be determined by a fit of the linearised form of eq. (4.1).

log(RS) = a · log(D) + b (4.2)

The results of the fits are shown in fig. 4.3 and the fit parameters can be taken from
table 4.3. For arsenic and phosphorous the fit parameters are similar. The fit for boron
resulted in a slightly lower a and higher b value, but still in the same order of magnitude,
indicating, that the qualitative behaviour is comparable, even if the absolute values differ.
For arsenic and phosphorous the sheet resistance values as well as the dose dependency
of the sheet resistance are very similar resulting in nearly congruent fits. For boron
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Table 4.2: The definition of splitgroups and process conditions for
dose split and the resulting median resistance values per group

with their respective standard deviations are given.

Species Dose [cm−2] Median R [Ω/�] Stdv [%]

As 1.5× 1013 1079.43 0.3738
As 3.0× 1013 749.48 0.3739
As 7.5× 1013 485.888 0.2886
As 1.5× 1014 333.419 0.2375
As 3.0× 1014 208.134 0.1788
P 1.5× 1013 1131 0.4389
P 3.0× 1013 765.720 0.3202
P 7.5× 1013 475.173 0.3730
P 1.5× 1014 319.555 0.2962
P 3.0× 1014 202.11 0.2479
B 1.5× 1013 2502.62 0.2235
B 3.0× 1013 1528.68 0.1788
B 7.5× 1013 817.874 0.2925
B 1.5× 1014 498.755 0.1976
B 3.0× 1014 289.243 0.2205

Table 4.3: Fit Parameter calculated for arsenic, phosphorous and
boron

Species a b

As -0.538 23.334
P -0.567 24.249
B -0.714 29.51
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Figure 4.2: RS values of RTP parameter split experiment, grouped by
annealing time and temperature for boron ion implantation.

higher sheet resistance values were observed with a higher dose dependency indicated by
a steeper slope compared to arsenic and phosphorous. The observed dependency of the
sheet resistance for boron of a ∼= −0.71 is in good agreement with the -0.73 reported for
implantation with BF2 in [34].
Through the fit function it is possible to calculate the sensitivities of the sheet resistance
on the implanted dose for all 5 doses. It is assumed, that the sensitivity is linear for
small changes in dose, as it was described in section 3.4.5. With this the sensitivity can
be calculated as either the first derivative of eq. (4.1) at a dose D or through the use
of eq. (3.10) with a dose variation of ±1% of the current dose D. Both methods are in
good agreement with each other up to the fourth decimal place. The exact values normed
on the resistance and dose can be taken from table 4.4. The values apply to all 5 used
implant doses, due to the normalisation. Arsenic and phosphorus show similar sensitivity
values, boron shows a slightly higher sensitivity.
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Figure 4.3: Median sheet resistances over implant dose with
log-log scales and fit

4.1.3 Energy

The energy chosen for the ion implantation changes the depth distribution of the im-
planted ions. Through this it effects the measured sheet resistance. 3 wafers were pro-
cessed with the general process flow and implanted with 1.5× 1014 cm−2 boron at 40 keV,
45 keV and 50 keV respectively. The median sheet resistance values for these wafers were
516.767Ω/�, 502.081Ω/� and 487.560Ω/�. They are in good agreement with the the-
oretical values calculated with eq. (3.7b) and the SRIM profiles for the above mentioned
conditions. The theoretical values calculated with 3.8b overestimated the measured values
drastically. Figure 4.4a shows the simulated depth profiles for ion implantation with these
conditions. For higher energies the peak is located deeper in the substrate and shows a
lower concentration of ions, due to a a broadening of the profile.

Table 4.4: Sensitivity values dR[%]/dD[%] for As, B and P in the
dose range 1.5× 1013 cm−2 to 3.0× 1014 cm−2 calculated with the

derivative of the fit and with the linear dose variation

Species Derivative Dose variation

As -0.538 -0.538
B -0.714 -0.714
P -0.567 -0.567
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It was assumed, that the change in sheet resistance is linear in the considered energy
range. This resulted in a sheet resistance change of −0.58% for a deviation of 1 keV from
the base case energy.
The process was repeated with 3 wafers for a boron dose of 1.5× 1013 cm−2. For this dose
the theoretical values calculated with the mobilities from eq. (3.8b) offered a better ap-
proximation of the measured sheet resistances. With the measured values 2604.516Ω/�,
2490.4301Ω/� and 2407.519Ω/� for 40 keV, 45 keV and 50 keV a sheet resistance change
of −0.7877% for a deviation of 1 keV from the base case energy was calculated.

(a) Boron (b) Phosphorous

Figure 4.4: Depth profiles of boron and phosphorous implantation
into Si with 1.5× 1014 cm−2 at different energies simulated with SRIM.

The sensitivity on implantation energy changes was also evaluated for phosphorus im-
plants. Wafers were implanted with a phosphorus dose of 1.5 × 1014 cm−2 at 105 keV,
115 keV and 125 keV. A counter implant with 1.5 × 1013 cm−2 boron at 150 keV was
used. In fig. 4.4b the dopant depth distributions for these implant conditions are plotted.
The median measured sheet resistances were 386.514Ω/�, 376.621Ω/� and 368.402Ω/�.
Theoretical values were calculated for comparison with eq. (3.7a) and eq. (3.8a). The
depth profiles of the ion concentrations were simulated with SRIM and the Concentra-
tion of the counter implant was deducted from the concentration of the active implant
concentration. While the calculated values were consistently below the measured ones for
both mobility variations, all three showed a reduction in sheet resistance with increasing
energies. The value for the sensitivity can be taken from table 4.1.

4.1.4 Scattering Oxide

To evaluate the influence of the scattering oxide on the measured sheet resistance, 9
wafers were processed according to section 3.5, but with differing oxide thickness. Three
wafers each were processed with the standard thickness of 30 nm, −10% and +10% of the
standard thickness. The mean of the measured oxide thicknesses for the three groups were
31 nm, 28 nm and 34.5 nm. Over the course of 9 days the wafers were implanted, annealed
and measured. The measured sheet resistances resulted in mean values of 497.23Ω/�,
493.27Ω/� and 500.27Ω/� for 30 nm, −10% and +10% respectively. Through the use of
section 3.4.5 the sensitivity was calculated to be 0.053, when the measured change in the
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Table 4.5: Implant conditions and results for Gauge Study:

max. max. max.
Base Material Species Dose Energy Stdev Stdev Difference

[cm−2] [keV] [Ω/�] [%] [Ω/�]

n-type Si B 1.5E14 45 0.4640 0.0919 1.11
n-type Si B 5x3.0E13 45 0.4236 0.0844 0.99
n-type Si P 5x3.0E13 115 0.7002 0.1833 1.54
p-type Si P 1.5E14 115 0.378 0.118 0.978
p-type Si As 1.5E14 250 0.247 0.074 0.595

sheet resistance and the implemented change of the scattering oxide thickness are given
in percent.

4.2 Repeatability

The repeatability of the four-point measurement was checked with 3 n-type Si and 2 p-
type Si wafers. The wafers were implanted, annealed and cleaned as stated in section 3.5.
Each wafer was measured 5 times in a span of 40min with 49 measurement points. The
measured values for each point and wafer were analysed in terms of maximum difference
and standard deviation between measurements. The implant species and conditions, as
well as the calculated results can be taken from table 4.5. The different energies are
due to the differences in implantation depths of the species. The energies were chosen
according to SRIM simulations to make the depth distributions of the dopants as similar
as possible. While the wafer implanted with phosphorus in a dose of 5x3.0E13, shows the
highest maximum standard deviation between measurement points, as well as the highest
maximum difference, it has to be taken into account, that this wafer saw a second implant
to create the pn-junction necessary for the measurement.

4.3 Multiple Implants

Experiments with multiple implant steps were performed on wafers with both p-type Si
and n-type Si base materials.

4.3.1 5x, 10x, 15x Implants

The wafer processing followed the steps outlined in section 3.5, with one difference. The
implanted dose of 1.5×1014 cm−2 was split into multiple smaller implant doses, that were
implanted one after the other, with a waiting period of approximately 2 days in between.
The waiting period varied due to variations in the availability of the ion implantation
tools.

The exact implant doses used can be taken from table 4.6. The wafers were processed in
groups of 5, with one wafer from each splitgroup. Splitgroups 1 to 4 saw boron implants
with 1, 5, 10 and 15 implant steps with their respective doses. The fifth splitgroup saw
a boron counter implant of 1.5 × 1013 cm−2 with an energy of 150 keV, placing it below
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Table 4.6: Number of implant steps needed for a total dose of
1.5× 1014 cm−2

Dose [cm−2] Implant Steps

1.5× 1014 1
3.0× 1013 5
1.5× 1013 10
1.0× 1013 15

the active implant. For this group, the active implant was phosphorus with 15 implant
steps. Due to the differences in species, energy and dose, the ion implanter was forced to
recalibrate between each implant.

(a) Measured Resistance (b) Dose Offset

(c) Standard deviations (d) Run-to-Run

Figure 4.5: Analysis of the splitgroups with multiple boron implants.

Figure 4.5a shows the measured resistance for the boron implanted wafers. Under the
chosen implant conditions, a sheet resistance of 500Ω/� is expected. For the single
implant wafers the mean of the measured sheet resistance was 498.43Ω/�, corresponding
to the slight overdose of approximately 0.5%, depicted in fig. 4.5b. The splitgroups with 5,
10 and 15 implant steps showed a reduced sheet resistance and an overdose around 1.4%.
Figure 4.5c shows the Total, Run-to-Run and Uniformity standard deviations. All three
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standard deviations are reduced with multiple implant steps. The Run-to-Run deviation
also shows the expected reduction with the square-root of the number of implant steps for
10 and 15 steps. For 5 implant steps the reduction is in the range of the expected value,
but does not reach it. 4.5d shows the Run-to-Run values compared to the R2R(1)/√n, where
R2R(1) is the Run-to-Run value for the splitgroup B 1x1.5E14. An attempt was made
to recreate this averaging effect by raising the number of passes that the beam makes
over the wafer during an implantation process from 24 to 52. The increase was achieved
through a reduction of the beam current and showed no significant improvement of the
standard deviations.

4.3.2 Comparison of Multi and Single Implants over Time

Over the course of 4 months unstructured wafers from 3 splitgroups were measured.
Splitgroup ”Single Implant with STROX” was processed according to section 3.5 under
base case conditions. Splitgroup ”Single Implant without STROX” was processed similar
to the first group, but without a scattering oxide. To avoid channeling wafers were twisted
by 23◦ and the implant energy was reduced to 30 keV. Splitgroup ”Multi Implant without
STROX” was processed identical to ”Single Implant without STROX” with the exception,
that the implant dose was implanted in 5 implant steps instead of the single implant that
was used for the other two groups. Between the implant steps a wait period of 2 h was
added. During this time other wafers were implanted under various conditions to ensure,
that the implanter had to retune multiple times until the next implant step. Each wafer
saw only one of the ion implantation tools. For this experiment the implanters A, B and
C were used. The wafers were scrapped after the measurement.

Figure 4.6 shows the percentage distance of the measured sheet resistance values from
the median of all measured values from wafers, that were implanted on the same tool and
belong to the same splitgroup. All 3 splitgroups remain within ±1% at all times in the
selected time frame.

As seen in fig. 4.7 the Run-to-Run standard deviations for implanter A and B for the
Multi-Implant splitgroup are lower than for the Single Implant with STROX group. For
implanter B the Multi Implant without STROX group shows a lower deviation than the
Single Implant without STROX. Implanter A showed the reverse behaviour, but with a
smaller difference between the groups. For splitgroup Single Implant with STROX B and
C were very close. A showed the highest Run-to-Run variation within that group. When
the Run-to-Run variation is calculated for a slpitgroup without regard for the used ion
implanter, the Single Implant without STROX group reaches a deviation of 0.444% and
the Multi Implant reaches 0.375%.
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Figure 4.6: Trend of percentage distance to the median for all tools
and splitgroups
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Figure 4.7: Run-to-Run standard deviations of the sheet resistance
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Chapter 5

Test Structures for 4-point-probe
Measurement

As a second way to improve the accuracy of the dose measurement, test structures for
a four-point-probe measurement were designed. The basic layout for the structures was
provided at the start of the thesis by Infineon Austria Technologies AG. A main part of
the work focussed on adjusting the design and process flow to ensure sufficiently good
contact to the layer to be measured and isolation between test structures, as well as
between structures and the underlying substrate.

The idea to monitor implantation processes with structures is not a novel concept. Mc-
Carthy and Lukaszek [35] designed test structures to monitor shadowing, channeling and
dose uniformity for p- and n-type implants for ULSI fabrication. They used contact im-
plants above 1015 cm−2 to contact the active implant. Per their design, the measurement
of p-type and n-type Implants was not achieved in a single structure, but by switching all
dopant types during the processing. A similar approach to different implant species was
taken for the structures developed during this thesis.
Using test structures with a defined geometry allows the monitoring of a wide dose and
energy range, as there is no limitation to place the implant close to the wafer surface.

5.1 Basic Design and Functionality

The test structures, comprised of 11 different chip variations, were designed to allow a four-
point measurement of the implanted layer, without measuring the underlying substrate or
the layer within the neighbouring chips. Figure 5.2 shows chip variation 1 representatively
for variations 1-8 and 11. Variation 9 is similar to 10. The striped area and the area
showing the number 1 are not part of the active structure. These areas are used to make
optical differentiating between chips easier. As seen in the figure, the contact pads, where
the needles for the resistance measurement are placed, are connected to the active area
with strips of the same material as the pads. They cross the oxide filled isolation trenches
at several points. For the chip variations 9 and 10 the strips are directly connected on the
surface. For all other variations the strips are separated and electrically connected with
the implanted layer.
The chips are comprised of 3 lithography layers. Layer 1 is used for isolation. An epitaxial
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Figure 5.1: Schematic cross section of the active area

silicon layer (EPI) is grown on the substrate, followed by the deposition of a thin SiO2
layer and a SiN layer. During the subsequent high temperature steps dopants diffuse from
the substrate into the EPI layer. The EPI changes its type from undoped to n- or p-type,
depending on the substrate type. An oxide hard mask is deposited and structured with
lithography layer 1. Trenches are etched through the nitride, oxide and EPI, ending in
the substrate. These trenches are then filled with thermal oxide and used to isolate the
chips from each other as well as isolating parts within the chips.
Another oxide layer is deposited, structured with lithography layer 2 and used as a hard
mask for the etch of the contact trenches. The contact trenches go down to the middle
of the EPI layer. This ensures, that the trench is deep enough to contact the implant
later on, but the trench is still shallow enough, that the isolation trenches are deeper. To
create a good contact, the contact trenches are implanted. The implant conditions can
be taken from table 5.4.
After the implant the trenches are filled with highly n-doped poly-Si. The poly-Si serves as
a contact between the implant to be measured and the contact needles of the measurement
tool. It is structured with the third lithography layer and a plasma etch process.
The finished structures are then cleaned, implanted, annealed and measured. Figure 5.1
shows a schematic cross section through the active area of a chip. The position of the
implanted layer, which is measured is marked in green.

All chip variations are 2mm × 3mm big and have identical contact pads. The main
difference is the position of the contact trenches and the resulting difference in the area
to be measured. As can be seen in figure 5.2 the active area marked with the number 3
is 100 ➭m wide and 250 ➭m long.

In chip variation 2 the width is equal to that of chip variation 1, but the length is doubled.
With the use of formula 3.5 it immediately follows, that the measured resistance for chip
2 is double that of chip 1, assuming, that everything else apart from the length stays
the same. Doubling the width leads to the opposite effect on the measured resistance,
meaning that the resistance should stay constant in case of doubled length and width.
The length and width of the active areas for all chip variations can be taken from table 5.1.
With the exception of chip variations 9 and 10, all measured resistances can be compared
to the resistance of chip variation 1. Due to the direct connection between the contact
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(1)

(2)
(3) (4)

Figure 5.2: Top view of chip variation 1. (1) Contact pad, (2)
Isolation-trench, (3) Active area, (4) Contact trench

pads for chip variations 9 and 10, these variations allow the measurement of the resistance
of the contact material.
The variety of implant area sizes allows the measurement of a range of implant doses.
High implant doses resulting in low resistances can be measured more accurately with high
ohmic structures, while low doses can be measured with low ohmic structures. This would
allow the monitoring of doses across the whole range used for productive implants, as
opposed to only measuring doses in the optimal measurement range for sheet resistances.

5.2 Dose variation

The structures were tested with implant doses in the range of 1×1013 cm−2 to 1×1015 cm−2.
As the implant species boron and phosphorus were selected. Energies were chosen based
on the thickness of the nitride layer over the active area to ensure that the ions were fully
incorporated in the silicon and not in the nitride.
Ion implantation took place through a nitride layer of either 140 nm or 60 nm thickness.
Implantation after complete removal of the nitride and padoxide layers were tested as
well. In this case a tilt of 7◦ and twist of 23◦ was used. All other implantations took place
without tilt.
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Figure 5.3: Top view of chip variation 10, a shorted structure for
the measurement of the contact resistance

Table 5.1: Length and width of the active area for each chip
variation with the expected resistance based on the resistance of

chip variation 1, RC denotes the contact resistance

Chip Length [➭m] Width [➭m] R Verhaeltnis

1 250 100 R
2 500 100 2R
3 1000 100 4R
4 500 200 R
5 1000 200 2R
6 130 40 1.3R
7 260 80 1.3R
8 520 160 1.3R
9 130 40 RC

10 1000 100 RC

11 4740 40 47.4R
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5.2.1 Phosphorous Implants after Nitride and Oxide Etch

The nitride layer above the active area was completely removed with Hot Phosphoric Acid
on 2 wafers with Poly-Si contacts. Wafer 1 was implanted with phosphorus 1.0×1015 cm−2

at 285 keV, without tilt or twist angles. Wafer 2 saw an additional HF process to remove
the thin Pad-oxide beneath the nitride layer. To avoid channeling, wafer 2 was implanted
with the same energy and dose as wafer 1, but with a tilt of 7◦ and a twist of 23◦.
Figure 5.4 shows ∆R [%] over the wafers. The values corresponding to measurement site 0
had to be removed due to a measurement failure on that site. Wafer 1 shows a ”sundown”
like pattern, which might be due to contamination through the Hot Phosphoric Acid, since
wafer 2 does not show this pattern.
The mean sheet resistance values after the geometry correction outlined in section 5.3.2 are
64.695Ω/� for wafer 1 and 65.757Ω/� for wafer 2. These values are in good agreement
with the theoretical value calculated with eq. (3.7a).

(a) Nitride etch (b) Nitride and Oxide etch

Figure 5.4: Difference in ∆R [%] for Removal of Nitride and Removal
of Nitride and Pad-oxide.

5.2.2 Phosphorous Implants through 60nm Nitride

5 Wafers with poly-Si contacts were subjected to an etching process. The 140 nm thick
nitride layer above the active area was thinned to 60 nm. The wafers were implanted
with phosphorous in the doses 1.0 × 1013 cm−2, 5.0 × 1013 cm−2, 2.0 × 1014 cm−2 and
5.0× 1014 cm−2 at 350 keV without a tilt angle. A second wafer with 2.0× 1014 cm−2 was
implanted with a twist angle of 90◦ to verify if the signature seen on the wafer is caused
by the implanter or noise.
Figure 5.5 shows the sheet resistance of the different wafers after deduction of the contact
resistance. Figure 5.5 shows the sheet resistance calculated from the measured resistances
and the ideal chip dimensions given in table 5.1 after deduction of the contact resistance.
Chip variations 9 and 10 were excluded, since they are used to measure the resistance of
the contact material and are therefore independent of the implanted dose. The median
values for the depicted chipvariations are within 20Ω/� of the theoretical values calculated
with eq. (3.7a). For variations 1, 2 and 3 the medians are very close for all implant doses.
This is also the case for variations 4 and 5, which have the same length as 1 and 2, but
twice the width. They show a downward offset. It is notable, that for these 5 variations
the standard deviation becomes smaller with increasing length of the active area. For
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Figure 5.5: RS without contact resistance for phosphorous implants.

variations 6, 7 and 8 the sheet resistance decreased with an increase in area, as for chip
variation 7 the active area is 4 times as large as that of variation 6 and for variation 8 it
is 16 times as large. The standard deviation showed no change with the area size. For
the doses were the high-ohmic variation 11 was measurable, the median sheet resistance
of this structure was close to that of variations 1, 2 and 3. Variation 11 resulted in
the smallest standard deviation. The sheet resistances for wafers 11 and 13 are in good
agreement with each other, but for wafer 11 the standard deviations are smaller for all
chip variations and a slight offset is observed.
The standard deviations for the sheet resistance correspond to standard deviations in
the implanted dose. The values can be taken from table 5.2. It is notable, that the
lowest standard deviations were observed on wafer 11, where the values were consistently
≤0.6%. Chipvariation 1 resulted in the highest deviation on all 5 wafers, variations 3
and 11 resulted in relatively low deviations. Fitting of the sheet resistance values with
4.2 resulted in the fit parameters a = −0.561 and b = 23.811.
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Table 5.2: Standard deviations given in percent of the implanted
dose for each wafer and chipvariation

Chipvaritaion 1.0× 1013 5.0× 1013 2.0× 1014 2.0× 1014 5.0× 1014

cm−2 cm−2 cm−2 cm−2 cm−2

+90◦ twist

1 1.05 1.41 0.60 3.87 7.84
2 0.71 0.59 0.51 0.91 1.65
3 0.70 0.53 0.50 0.50 0.57
4 0.81 0.77 0.66 1.27 2.31
5 0.71 0.52 0.52 0.59 0.93
6 0.89 0.64 0.53 1.00 1.78
7 0.82 0.58 0.51 0.74 1.35
8 0.77 0.61 0.56 0.97 1.60
11 - - 0.49 0.54 0.48

5.2.3 Boron Implants through 60nm Nitride

Analogue to section 5.2.2 5 Wafers with ALD Ti/TiN and poly-Si contacts were subjected
to an etching process. The 140 nm thick nitride layer above the active area was thinned to
60 nm. The wafers were implanted with boron in the doses 1.0×1013 cm−2, 5.0×1013 cm−2,
2.0× 1014 cm−2 and 5.0× 1014 cm−2 at 150 keV without a tilt angle. A second wafer with
2.0× 1014 cm−2 was implanted with a twist angle of 90◦ to verify if the signature seen on
the wafer is caused by the implanter or noise.
For the wafers with doses in the 1013 cm−2 range chip variation 11 was to high ohmic to be
measured with the used program. This variation is therefore not included in the results
for these wafers. Chipvariations 9 and 10 were excluded.
As seen in fig. 5.6 the variation of the sheet resistance is smaller for chipvariations of
greater length. This is evident for the variations 1,2 and 3, for which the length doubles,
while the width stays the same, especially for wafers that were implanted with higher
doses. The high ohmic chipvariation 11 shows the smallest variation. Contrary to the
expectation, chipvariations 6, 7 and 8 did not show the same same sheet resistances and
variations. They also showed lower sheet resistances and variations for greater lengths.
The mean sheet resistance values for the wafers implanted with doses in the 1014 cm−2

range were in good agreement with those calculated with eq. (3.7b). For lower doses the
theoretical values were far from the measured ones, as the lower limits of the validity
range was reached.
All wafers showed a radial pattern of ∆R [%]. An influence of the twist angel was therefore
not seen. A fit of the sheet resistances plotted over the implanted doses was calculated.
The fit parameters were a = −0.577 and b = 24.816.

Table 5.3 shows the standard deviations of the implanted dose in percent for all chip-
variations. They were calculated from the measured resistances after deduction of a fit
of the radial pattern. For wafer 7 implanted with 2.0 × 1014 cm−3 boron, the pattern
was more elliptical, than a circular radial pattern. It is notable, that for the two wafers
implanted with 2.0×1014 cm−3 one showed relatively high deviations for all but three chip
variations and for both variation 11 resulted in a deviation above 1.1%. For the wafer
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Figure 5.6: RS without contact resistance for boron implants through

60 nm nitride.

Table 5.3: Standard deviations given in percent of the implanted
dose for each wafer and chipvariation

Chipvariation 1.0× 1013 5.0× 1013 2.0× 1014 2.0× 1014 5.0× 1014

cm−2 cm−2 cm−2 cm−2 cm−2

+90◦

1 0.83 0.52 1.61 0.50 0.76
2 0.71 0.44 0.88 0.28 0.33
3 0.72 0.40 0.50 0.25 0.24
4 0.79 0.45 1.28 0.34 0.41
5 0.75 0.41 0.70 0.22 0.28
6 0.86 0.63 1.31 0.48 0.57
7 0.81 0.47 1.32 0.35 0.44
8 0.78 0.44 1.14 0.31 0.35
11 - - 1.55 1.40 0.18
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implanted with 5.0 × 1014 cm−3 the high-ohmic structure 11 showed the lowest standard
deviation.

5.3 Disturbing Influences

During the determination of the final process flow for the measurement structures, a
number of issues have emerged. They resulted either in unmeasurable structures or in
effects that added strong resistance variations and overshadowed the effects of the im-
planter. These issues must be addressed to make the structures useful for implanter
monitoring.

5.3.1 EPI

While no dopants are actively directed into the process chamber during the growth of the
EPI layer, a background doping due to residual dopants from preceding processes can not
be ruled out. For a lot that receives this process, the effect of the background doping is
strongest for the first wafer and decreases with each wafer in the lot. Depending on the
preceding dopant type and dose, the effect on the measurement varies. Since the EPI takes
on the dopant concentration of the substrate material, a variation in the EPI layer can
be counted as a variation in the substrate doping. Measurements showed the background
doping to be below 5 × 1013 cm−3. The n-doped material used for the measurement of
p-type implants had dopant in the range of 3× 1013 cm−3 to 1.1× 1014 cm−3.

5.3.2 Furnace

High temperature steps influence the sheet resistance with the difference in diffusion and
activation of dopant atoms. Concerning the operations involved with the whole process,
a division into furnace steps before and after the ion implantation is possible.
The first group includes the filling of the isolation-trenches with thermal oxide at 1000 ◦C
and the annealing of the poly-Si contacts. After the implantation of the active dopants,
the wafers were annealed with an RTP step at 1040 ◦C to activate the active and contact
implants. For the high temperature steps, two factors need to be taken into account. The
implants must be fully activated after the RTP step, and a diffusion of dopants from the
highly n-doped poly-Si into the active area must be prevented or included in the final
analysis of the measurement.
A geometry correction was performed to account for possible diffusion effects. It was
calculated separately for each wafer. The chipvariations 9, 10 and 11 were excluded.
First the Median of the measured values per chipvariation was multiplied with the ideal
width of the chipvariation and plotted over the ideal length. Then a straight line was
fitted to the data points, resulting in eq. (5.1).

R ·W = k · L+ d (5.1)

Setting eq. (5.1) to 0 and solving for L returns the offset between the ideal length and the
actual length.
The substitution of L with L+ dL is then used for the correction of the width. Here the
corrected length is divided by the Median of the measured values, before the linear fit is
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used. The offset of the width dW is calculated similar to dL. The corrected length and
width can then be used to calculate the sheet resistance from the median values.

5.3.3 Variation of layer thickness over the wafer

The variation of the thickness of a layer over one wafer must be considered, if the ion
implantation takes place through this layer. According to the process described in section
5.1, the ion implantation would take place through a 140 nm thick SiN layer and 14 nm
SiO2. If the thickness of these layers is uniform across the wafer, the profile of the
implanted ions is also uniform. In the event of thickness variations, such as a radial
pattern where the layer is thinner in the wafer middle than on the edge, the pattern is
also reflected in resistance measurements. Changes in the resistance value can result from
dopants, that are stuck in the SiN or SiO2 layer and do not contribute to the conduction.
Another possibility is the shift of the implant profile to different depth.

Figure 5.7: Wafermap of a wafer implanted with 2× 1014 cm−2

phosphorus at 350 keV. The color indicates the difference of the
measured resistance to the median of each chip type in percent

Figure 5.7 shows the pattern in the measured resistances for a wafer, that was implanted
with 2 × 1014 cm−2 phosphorus at 350 keV. Since the chipvariations result in different
absolut resistance values, the values were normed on the median of their respective chip-
variation. To make the chipvariations comparable, the figure shows ∆R [%], the difference
to this median in percent, as the hue over the wafer. The color pattern from red to blue
shows that the resistance increases with the radius.
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Table 5.4: Implant parameters for the contact implant conditions
for p- and n-type implants

Parameter 1. Implant 2. Implant 1. Implant 2. Implant

Dose [cm−2] 4.0× 1014 4.0× 1016 3.0× 1015 3.0× 1014

Energy [keV] 80 15 20 20
Species boron BF2 As P

5.3.4 Contact implants and materials

A major difficulty with the structures was contacting the implanted layers. To ensure a
good contact, contact implants with high doses and low energies were used. In table 5.4
the conditions for the contact ion implants are listed. The dopant profile was created in
two steps. All implants were performed with a tilt angle of 30◦ in quad-mode. In this
mode a quarter of the dose is implanted, then the wafer is twisted by 90◦, again implanted
with a quarter of the dose and so on. The quad-mode ensures, that the contact implant
is embedded in all 4 side-walls of the contact trench. The combination with the high tilt
angle prevents shadowing effects on the trench bottom, while guaranteeing full coverage
of the side walls. First a high dose was implanted near the surface for a good contact
between the contact material and the implanted layer. Then a secondary implant was
added to enlarge the contact implant zone.
BF2 was chosen for the near surface implant for p-type implants, because it requires
higher implant energies to reach the same depth as a boron implant due to the difference
in mass. The energy is divided among the three atoms according to the law of mass
action. [36] A BF2 implant with 15 keV creates therefore a dopant depth profile that is
similar to that of a boron implantation with 3.32 keV. The change in implant species was
necessary, as 3.32 keV were too low for the used implantation tools.

The process flow described above for the creation of a structure to allow a four-point mea-
surement of a phosphorus implant works perfectly fine, due to both implant and poly-Si
contacts being n-doped. While it would be preferable to switch the dopant type of the
poly-Si to p-type for the measurement of boron implants, it was not possible for the ex-
periments done during the course of this thesis, as the process was not yet available for
12” wafers. This resulted in a pn-junction between the p-type ion implant and the n-type
poly-Si used as a contact. During the measurement half of the created pn-junctions are
operated in reverse direction, resulting in no measurable output, due to the increase in
the space charge region.
The following possible ways to contact a boron implant with the given process require-
ments were explored.

TiSi2 and Poly-Si

To create a contact to the implanted layer, a Titandisilicid (TiSi2) liner was added to
the contact trenches, before filling them with poly-Si. The TiSi2 was meant to create a
semiconductor-metal contact. For this purpose a Titan-Liner was deposited via sputtering
and annealed with a RTP step at 740 ◦C to form TiSi2 where the Ti was in contact with
underlying Si. The part of the Ti that remained was removed with an etching process,
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leaving TiSi2 only in the contact trenches. The trenches were filled with n-doped poly-Si
and annealed at 975 ◦C.
After the poly-Si deposition, the wafers were further processed with the procedure outlined
in section 5.1. The wafers were implanted, annealed and cleaned under the same conditions
as the wafers with basic poly-Si contacts. The subsequent resistance measurement showed
values in accordance with those above for phosphorus implants. Boron implants were not
measurable with this contact variation.

Figure 5.8: SEM image of a chip cross-section where a TiSi2 liner was
used

Figure 5.8 shows a contact trench that is representative for the TiSi2 + poly-Si contact
variation. As seen in figure fig. 5.8 most of the TiSi2 agglomerated at the bottom of the
contact trench, with only minimal TiSi2 remaining on the side walls. It is not clear if the
voids were a result of the agglomeration process or if chunks of the TiSi2 broke off during
the preparation process for the SEM measurement.

Ti/TiN and Tungsten

The poly-Si contact was substituted with a Ti/TiN Liner and a Tungsten Plugfill pro-
cess to create a metal semiconductor junction. A 40 nm thin Ti/TiN-Liner was deposited
via sputtering and annealed to form TiSi2, before the trenches were filled with Tung-
sten through Modified Chemical Vapor Deposition (MCVD). The high wafer bow result-
ing from the Tungsten deposition was reduced through a plasma etching process, which
thinned the Tungsten layer on the surface from 800 nm to 330 nm. The subsequent struc-
turing of the Tungsten layer, as well as the cleaning, oxide etch and implant steps had to
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be adjusted to be possible without contaminating the necessary tools.
Removing the nitride layer above the active area with a wet chemical etching was not
possible due to the open tungsten. Figure 5.9a shows a SEM image of a FIB-Cut taken
on a wafer after structuring of the tungsten contacts and removal of the overlying oxide.
The hollowed out area marked with the red arrow shows an underetch of the silicon. The
energy for the ion implantation was increased accordingly to 285 keV for boron implants
with 1.0×1014 cm−2 and 1.0×1015 cm−2 through the nitride layer. A tilt angle of 7 degree
and a twist of 23◦ were used.
The wafer surface was covered with 250 nm SiO2 before the annealing took place to
mitigate the contamination risk. The SiO2 layer was removed with HF before the mea-
surement.
As seen in fig. 5.9c and fig. 5.9d, the measured resistances are significantly higher for
x values in the range of 25 to 70 and partially missing for some chips. Excluding the
values in this range and recalculating ∆R [%] reduces the range to −10% to 15%, which
is still significantly higher than the target deviation. Using the ideal chip measurements
for the conversion from Ω to Ω/� leads to a mean sheet resistances of 563.687Ω/� and
141.820Ω/� for boron implant doses of 1.0× 1014 cm−2 and 1.0× 1015 cm−2 respectively.
The standard deviations for both wafers were above 20Ω/�. The missing values are due
to missing or damaged connections between the contact trenches and pads. Contact strips
were partially bend up, broken at the edges or entirely missing. Bend up of the contact
strips started at the ends that were not connected to the pads as seen in fig. 5.9b. It is
plausible, that a combination of mechanical stress and underetching of the strips during
the removal of the final oxide layer lead to the damage.

ALD Ti/TiN and Poly-Si

For the fourth contact variation that was tested, a Ti-Liner was deposited with Atomic
Layer Deposition (ALD), followed by a TiN-Liner. ALD allows a better coverage of the
trench side walls than deposition with sputtering. After the Liner deposition, an annealing
step took place, before the poly-Si was deposited.
Figure 5.10a shows a schematic version of a contact trench cross section. The TiSi2- and
TiN-Liner cover the whole trench. This is also evident in fig. 5.10b, where the Liner is
the thin white line marked with the red arrow. The TiSi2-Liner creates the contact to
the implanted layer and the TiN-Liner acts as a diffusion barrier for the dopants of the
n-type poly-Si.

The monitoring of boron implants is possible with this contact variation.

5.3.5 Needle Placement

The resistance measurement for the structured wafers was performed with an EAGLE
basischip measurement system, with a needle probe card which fit the wafer layout. 4
Chips were measured at a time, corresponding to the sites 0, 1, 2, 3. For wafers where the
influences outlined above were eliminated, a pattern emerged in the wafermap plots of ∆R
[%]. A comparison between ∆R [%] and the measurements sites indicates, that one of the
measurement sites returns higher values than the other 3 sites. This is shown in fig. 5.11a
for a wafer segment. Figure 5.11b shows the corresponding measurement sites that were
used to measure the wafer segment. Measurement site 3 in fig. 5.11b corresponds to the
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(a) SEM image of contact trench after
FIB-Cut

(b) SEM image contact strips

(c) ∆R [%] boron 1.0× 1014 cm−2 (d) ∆R [%] boron 1.0× 1015 cm−2

Figure 5.9: SEM images of contact trench cross section for variation
Ti/TiN and Tungsten after oxide etch and bend up of contact strips.

∆R [%] after boron implantation

higher values of ∆R [%], which are marked with blue hues in fig. 5.11a. This was the
case for most measured wafers, where the pattern was seen and not obstructed by other
influences. For a handful of wafers the outlier was site 0. The reason was traced to a
higher leakage current on the outlying sites during the measurement. To counter this
effect, the calculation of ∆R [%] was adjusted. Further ∆R [%] values were calculated
as the deviation from the median after grouping the data by the chipvariation and the
measurement site.
Outliers were classified through a standard score outside of ±2 and discarded.
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(a) Schematic of contact trench (b) FIB-Cut and SEM image

Figure 5.10: Schematic and SEM image of contact trench cross section
for variation ALD Ti/TiN and Poly-Si

(a) Wafermap section with ∆R [%] as hue

(b) Wafermap section with the measurement sites as hue

Figure 5.11: Comparison of ∆R [%] to the measurement sites for a
wafer section
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Chapter 6

Wafer ageing

During remeasurements of implanted unstructured wafers, a change in sheet resistance
was seen. To exclude an influence from the measurement tool itself, the wafers were re-
measured on 3 different 4-point-probe tools of the same variety on site in Villach, shipped
to the Infineon site in Dresden and measured again with all available tools. All tools
showed the change.
Data from an 8” wafer that was repeatedly measured between 2018 and 2022 showed,
that the effect was not limited to 12” wafers, therefore excluding an influence of process
tools used for implantation, cleaning and annealing, since the wafer diameter demanded
different tools for these processes. The 8” wafer started with a mean value of 500Ω/�,
measured within 6 h of implantation and annealing. It showed an increase of approxi-
mately 10Ω/� within the first 120 days and another 10Ω/� until 2022. Over a period
of 4 years, the effect seems to reach a saturation.
If the intention of multiple measurements is to use the wafer as a reference to monitor
the measurement tool, then the sheet resistance of the wafer must be constant. To ensure
that, it is necessary to determine what triggers the change.

6.1 Time dependent Drift of Sheet Resistance

Remeasurements of unstructured implanted and annealed wafers showed an increase in
sheet resistance with time. This effect was observed on every unstructured wafer, that
was measured more than once over time. Figure 6.1 shows the change in the measured
sheet resistance for a number of wafer, that were implanted with boron or phosphorus
with a dose of 1.5 × 1014 cm−2 with 45 keV and 115 keV respectively. The process flow
followed section 3.5.
All wafers were processed at different times over the course of a month, the x-axis of
fig. 6.1 depicts the difference between the measurement dates and their respective anneal-
ing dates. Wafers implanted with the same species show the same qualitative behaviour,
but the absolute measured values differ.

An influence of the process equipment could be excluded, due to results from the Metrol-
ogy Department, which showed that the effect is also seen in 8” wafers, which are processed
with different equipment, than the 12” wafers used for this thesis. Furthermore, the influ-
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ence of the measurement equipment itself could also be excluded, due to remeasurements
with two different tools of the same type on site, as well as with two tools at the Dresden
site, that showed the same result.
The wafers did not see further processes between the original measurement and the re-
measurement apart from the transport to the store on site or to the site in Dresden.

Figure 6.1: Sheet resistance change over time for wafers implanted
with 1.5× 1014 cm−2 boron or phosphorus

Figure 6.2: Dose loss in percent over time in days for boron and
phosphorus implanted with 1.5× 1013 cm−2 (10%),
7.5× 1013 cm−2(50%)and1.5× 1014 cm−2(100%)

Figure 6.2 shows the qualitative difference in the behaviour of boron and phosphorus
implants over time. The values on which the graph is based were calculated from the
differences between the measured values over time through the use of the sensitivity
values in table 4.4. Boron shows a slight increase in dose within the first 15 days after
the initial measurement and decreases steadily after that. It is notable, that the median
of the sheet resistance for the 10% wafer (B10) corresponded to an increase in dose by
+1.311%, while the wafer with 100% (B100) only reached +0.306%. The 50% wafer
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(B50) showed an increase of +0.560%, indicating, that the influence of the effect weakens
with increasing implant dose in a non-linear manner.
Later measurements showed a dose loss of approximately −0.38% compared to the start
value for both the B10 and B100.
Phosphorus on the other hand shows a drastic decrease of approximately −1.734% for
P10 within the first 3 days. The naming convention mirrors that used for boron. After
this its dose still decreases, but slower. P10 reached a dose loss of −5.664% after 51 days.
For P50 the effect was significantly weaker with a loss of −0.398% and −1.793% at 3 and
51 days respectively. P100 reached −0.234% and −1.093%
For both implant species the effect is stronger with lower implant doses, but qualitative
similar within the dopant species.

6.2 Hydrogen-passivation and Bakeout

A possible theory for the change in sheet resistance is passivation due to hydrogen. Hy-
drogen in silicon is amphoteric, which means that it can exist in different charge states.
This enables it to form bonds with a variety of defects, including vacancies, dangling
silicon bonds and dopant atoms.[37], [38], [39] Due to the higher solubility at damaged
surfaces, a high concentration of hydrogen can be absorbed, if it is included in the ambient
gas. [40] The diffusion of hydrogen from the cleanroom air into the wafer and subsequent
formation of various complexes, might account for the change in sheet resistance over
time. Those formed complexes can be neutral, positively or negatively charged. At room
temperature the formation of an electrically inert BH complex is possible. While other
states, like the negatively charged BH2 exist and are favorable from an energetics point
of view, the BH complex is the most stable, especially when the concentration of boron
in the material is higher than the concentration of hydrogen. The formation of complexes
is possible with molecular hydrogen and interstitial protons. In contrast, PH complexes
are relatively unstable and dissociate at 100 ◦C. [41] As stated by De Guzman et al. ”H
effectively deactivates the electronic activity of boron upon formation of the BH and BH2

defects. The BH2defect is predicted to have a donor level at EC − E(0/+) = 90.24eV .”
[41]
To test the involvement of hydrogen in the reported sheet resistance change, two sets of
experiments were done on wafers after storage and remeasurements. In the first set wafers
showing the ageing effect were subjected to a series of heat processes in N2 atmosphere
and remeasurements. During the second set, wafers were subjected to the same tempera-
ture steps in forming gas atmosphere. If hydrogen is involved, the sheet resistance should
decrease at high temperature in N2 atmosphere due to the hydrogen defusing out of the
sample, while for forming gas atmosphere, which has a high concentration of hydrogen,
the opposite effect should be seen. In the range of 600 ◦C to 700 ◦C, all possible hydrogen
complexes should be dissolved and the doping of the wafer should revert to its original
state. [42], [43] Figure 6.3 shows the results of the various 4-point probe measurements,
starting with the original measurement in blue, followed by remeasured values after being
stored under clean room conditions and after additional temperature steps. The temper-
ature steps were set at 400 ◦C, 630 ◦C and 800 ◦C to assure the dissociation of possible
Hydrogen complexes, while remaining below the temperature used for the initial anneal-
ing of the implant. They were carried out within 7 h to prevent sheet resistance changes
unrelated to the high temperatures.
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A boron implanted n-type Si wafer showed a slight decrease in sheet resistance followed by
an increase of 2.279Ω/� after storage for three months. After the series of temperature
treatment cycles in N2 atmosphere the sheet resistance returned to the starting value.
Storing the wafer for additional 2 months resulted in a reduction of the sheet resistance.
Subjecting the wafer to an oven step at 400 ◦C for 1 h in forming gas atmosphere resulted
in a correction towards the starting value. Additional temperature steps with durations
of 60 s reduced the values further, with the exception of the 1050 ◦C step. This process
resulted in an increase towards the starting values.

A phosphorus implanted wafer subjected to the same processes showed a rise of 13.37Ω/�
during storage and a decrease of 7.31Ω/� after the first temperature step, but did not
reach the starting value. Further temperature steps kept the sheet resistance at similar
values. Storing and remeasuring the wafer after this resulted in the expected sheet resis-
tance increase. The additional processes in forming gas atmosphere showed a correction
towards the value that was reached at the same temperature in N2 atmosphere. The rest
of the processes showed the qualitative behaviour of the boron implanted wafer under
these conditions, but even the 1050 ◦C step was not sufficient to reach the starting value
for the phosphorus implanted wafer. These results indicate, that for boron the possible
hydrogen passivation was completely negated, while for phosphorus another passivating
mechanism might be involved in addition to the hydrogen passivation. They also indi-
cate, that the impact of the temperature is higher than that of the atmosphere during
the temperature step.

Figure 6.3: Sheet resistance measurement results for boron and
phosphorus implanted wafers after storage and temperature steps

under N2 or forming gas atmosphere.

6.3 LEIS Measurements

LEIS measurements were performed for 3 wafers with 2 samples per wafer with the condi-
tions outlined in section 3.7. Samples were taken from the wafer edge and wafer middle.
Figure 6.4 shows the LEIS spectra at the surface and the depth profiles of the first 4.5 nm
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for a wafer implanted with 1.5 × 1014 cm−2 phosphorus at 115 keV and 1.5 × 1013 cm−2

boron at 150 keV as a counter implant. The wafer was processed according to the general
process flow for unstructured wafers. The LEIS measurements were performed 10 months
after the implant, anneal and initial measurement. During that time the median sheet
resistance of the wafer increased from 376.861Ω/� to 382.494Ω/�. The uniformity of
the wafer showed no significant change.
Figure 6.4a shows distinctive peaks around 1120 eV, 1710 eV and 2020 eV. They were at-
tributed to Oxygen, Silicon and Potassium. Silicon and Oxygen were expected for silicon
wafers with a native oxide on top. A comparison with fig. 6.4c shows peaks at the same
energies, but there seems to be less Potassium in the wafer middle than on the edge.
The depth profiles in fig. 6.4b and fig. 6.4d show that the Potassium depth distribution
extends over the whole thickness of the native oxide. At the wafer edge it reaches a thick-
ness of 1.5 nm. In the wafer middle it is slightly thinner with 1.1 nm. The scale for the
depth extends from the wafer surface into the direction of the wafer bulk.

(a) LEIS spectra of wafer edge (b) LEIS spectra of wafer middle

(c) Depth profile of wafer edge (d) Depth profile of wafer middle

Figure 6.4: LEIS spectra and depth profiles of wafer implanted with
1.5× 1014 cm−2 phosphorus measured 10 months after the ion

implantation and annealing at the wafer edge and in the wafer middle

Figure 6.5 shows the LEIS spectra at the surface and the depth profiles of the first 4.5 nm
for a wafer implanted with 1.5 × 1014 cm−2 boron at 45 keV. It was processed alongside
the Old 1 wafer with the only difference being the implant species and energy.
During the 10 months between the initial measurement and the last measurement before
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the LEIS measurements the sheet resistance increased from 500.475Ω/� to 510.832Ω/�.
The uniformity over the wafer stayed the same.
The peaks in fig. 6.5a and fig. 6.5c are also located around 1120 eV, 1710 eV and 2020 eV.
There is again more potassium at the edge than in the middle. However, the Potassium
peaks are significantly smaller for the boron implanted wafer than for the phosphorus
implanted wafer. As seen in fig. 6.5b and fig. 6.5d the native oxide is with 1 nm in the
middle thicker than the 0.8 nm at the wafer edge. Although only a small amount of
Potassium was measured, the depth profiles still indicate, that it is again located in the
native oxide. It must be noted, that during the measurement of fig. 6.5d the current of
the primary ion gun was higher than for the other measurements, which is responsible for
the diminished Silicon signal in this spectrum.

(a) LEIS spectra of wafer edge (b) LEIS spectra of wafer middle

(c) Depth profile of wafer edge (d) Depth profile of wafer middle

Figure 6.5: LEIS spectra and depth profiles of wafer implanted with
1.5× 1014 cm−2 boron measured 10 months after the ion implantation

and annealing at the wafer edge and in the wafer middle

To evaluate if the Potassium was accumulated during the months between the ion implan-
tation and the LEIS measurement or if it was already on the wafer in the initial phase,
a wafer was processed identical to the boron implanted wafer referred to as Old 2 above
and measured with the LEIS as soon as possible. The sheet resistance directly after the
implant and annealing processes was 500.859Ω/�. The 3 weeks between the implant
process and the measurement are due to delays during the shipping process.
As seen in fig. 6.6a and fig. 6.6a there is a slight peak at the energy attributed to Potas-
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sium for the sample in the wafer middle, but no Potassium is seen on the wafer edge. The
depth profiles are similar to those in fig. 6.5b and fig. 6.5d.

(a) LEIS spectra of wafer edge (b) LEIS spectra of wafer middle

(c) Depth profile of wafer edge (d) Depth profile of wafer middle

Figure 6.6: LEIS spectra and depth profiles of wafer implanted with
1.5× 1014 cm−2 boron measured 3 weeks after the ion implantation and

annealing at the wafer edge and in the wafer middle

6.4 VPD Measurements

VPD measurements were performed on wafers implanted under same conditions as those
used in section 6.3. Splitgroup B1 was implanted with boron in a dose of 1.5× 1014 cm−2

at 45 keV. B2 was implanted with the same dose, split over 5 implant steps. P1 was im-
planted with 1.5×1014 cm−2 phosphorus at 115 keV and 1.5×1013 cm−2 boron at 150 keV
as a counter implant. After the implant, anneal and initial sheet resistance measure-
ment, the wafers were stored under clean room conditions for a year before the VPD
measurements were performed. Over the course of one year the median sheet resistance
for B1 increased by 6.02Ω/�, which corresponds to a dose loss of −1.7%. B2 showed
similar values with a change of 5.35Ω/�. For P1 the median sheet resistance increased
by 8.78Ω/�, which corresponds to a dose loss of −4.46%.

The measurement results can be taken from table 6.1. All three splitgroups showed
similar boron concentrations, for iron and potassium B1 and P1 were in the same order
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Table 6.1: Measured atom concentrations for boron, potassium
and iron given in cm−2

Splitgroup K B Fe

B1 5.3× 107 2.2× 1012 1.8× 109

B2 1.2× 108 1.9× 1012 2.5× 1010

P1 7.4× 107 2.7× 1012 5.9× 109

of magnitude, while B2 was one order of magnitude higher.
While Mo, Sr, Zr, Sn, V, W, Pb, Bi, Mg, Ga, Ge, Li, Na, Al, Ca, Cr, Mn, Ni, Co,Sb, Cu,
Zn and Ti where measured as well, they showed concentrations very close to the detection
limit and were therefore not included in the analysis.

6.5 TXRF Measurements

Three wafers implanted under the same conditions as the ones used for VPDmeasurements
were measured with TXRF a year after the initial sheet resistance measurement following
the ion implantation and annealing processes. Figure 6.7 shows the results of the TXRF
measurements for one of the boron implanted wafers. As seen in the figure, the only
element which was present in concentrations of at least 1×1010 cm−2 on the wafer surface
was iron. The location of the iron contaminations varied between the three wafers. For
the second boron implanted wafer the spot was located at the wafer edge in the bottom
right quadrant. For the phosphorous implanted wafer it was also located in the bottom
right quadrant, but shifted slightly upwards. On the phosphorous wafer an additional low
concentration of Cr was seen in the same location as the Fe. No potassium was observed
on any of the wafers.
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Figure 6.7: Wafermaps of TXRF measurement results of a wafer
implanted with Boron
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Chapter 7

Discussion

7.1 Unstructured Wafers

7.1.1 Sensitivity and Repeatability

The evaluation of the sensitivity for the individual process steps clearly showed, that
the implanted dose has the strongest influence on the measured sheet resistance, closely
followed by the energy used for the implant. The energy sensitivity for boron was ap-
proximately twice as high as that for phosphorous. This is expected, since 115 keV are
necessary to create a dopant depth distribution with phosphorous that is similar to that
of boron at 45 keV. A comparison of SRIM simulations for the implant conditions in
section 4.1.3 shows that the shift in the boron depth distributions, that is seen in fig. 4.4a
for variations of ±5 keV can be replicated with variations of ±10 keV for phosphorous.
The scattering oxide showed the third largest influence, while the calculated sensitivities
for the substrate dopant concentration and the annealing parameters were judged to be
negligible, since they were two orders of magnitude smaller than the values for implant
dose and energy. Repeated measurements of implanted wafers showed, that the repeata-
bility for boron is lower than the repeatability for phosphorous implants.
Using eq. (3.11) with the values reported in table 4.1 and the maximum deviations for
each process step given in table 3.1, σ2

tot = 0.477 for boron and σ2
tot = 0.958 for phos-

phorous. Applying 3.12 results in a gage capability of 6.91% for boron and 9.79% for
phosphorous. Using the criteria of [29], where a method is suitable for measuring a pa-
rameter if GRR%<10% and maybe acceptable for some uses in the range of 10% to
30%, the four-point probe measurement is acceptable for boron implants and barely in
the acceptable range for phosphorous.

7.1.2 Multiple Implants

Using multiple smaller implant doses instead of a single implant with a high dose resulted
in a significant improvement of the standard variations for sheet resistance measurements
on unstructured wafers. It was shown, that for 10 and 15 implant steps the reduction
in the standard variation is consistent with the expected reduction by a factor of

√
n,

where n is the number of implant steps. This indicates, that the random variations
were successfully averaged out. For n = 5 a clear reduction was observed, but not to
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the expected extend of a factor
√
5, which can be interpreted as partially averaged out

random variations. This was observed on wafers implanted on the same tool within two
weeks.

The evaluation of the long term stability over a period of 4 months showed a reduction of
the Run-to-Run standard deviation for the splitgroup ”Multiple Implant without STROX”
compared to ”Single Implant without STROX” for one of the tested ion implantation
tools. For the second ion implanter the effect was reversed, although the difference was
smaller. No significant change was observed for the third ion implanter. When the Run-
to-Run standard deviation is calculated without regard for the used ion implanter, the
Multi Implant shows a deviation, that is 15.48% lower than the one for the comparable
Single Implant group. This could indicate, that the number of implant steps for the Multi
Implant group was too low to make the effect observable on all implantation tools.

7.2 Structures

7.2.1 Isolation

The oxide filled trenches worked well as an isolation between individual chips for all tested
implant conditions. However, the oxidation process was set up with Oxidation enhanced
diffusion, which lead to an expansion of the trench width. This resulted in a slight change
of the dimensions of the active area width. The Oxidation enhanced diffusion requires
the thick Si3N4 to ensure, that only the trenches are oxidised. Additionally, the nitride
layer acts as an isolation between the contact pads and the silicon below them, as well as
providing a protection against contamination of the active area. To mitigate the influence
of possible nitride thickness variations over the wafer, the 140 nm thick nitride was either
completely removed or thinned.

The isolation of the implanted layer to the bulk of the base material was achieved through
opposite dopant types of the implanted layer and the base material. As explained in
section 2.3 for an abrupt pn-junction the space charge region extends into the area with
the lower dopant concentration. The base material could reach a boron concentration
of 1.36 × 1015 cm−3 or a phosphorous concentration of 1.11 × 1014 cm−3 if the highest
possible specification limits were reached. The wafers used for the presented experiments
were located in the middle of their respective specification limits. As the concentrations
of the implanted layers were above 1 × 1016 cm−3, the pn-junction was abrupt in every
experiment. Since the dopant concentrations were separated by at least two orders of
magnitude, variations in the base material should not have a significant influence on the
measured resistances. Their influence is most likely in the same order of magnitude as for
unstructured wafers.
The epitaxial silicon layer was deposited as undoped as possible within a productive
environment. Since the EPI takes on the dopant concentration of the base material, due
to diffusion during the high temperature steps, it can be disregarded.

7.2.2 Contact Variations

Of the 4 contact material variations that were evaluated, n-doped poly-Si and TiSi2 with
n-doped poly Si could not be used to contact implanted boron layers. This was attributed
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to the formation of a pn-junction between the contact material and the implanted layer.
If the dopant types differ, as it was the case for experiments with n-doped poly-Si and
boron implanted layers, there are two pn-junctions between the sense contacts. Since
the directions of the junctions are inverted, the space charge region of one junction is
always reduced when a voltage is applied, while the space charge region of the other
junction is increased. At least one of the involved junctions is therefore always used in
reverse direction and the measurement fails. For the contact variation with n-doped poly-
Si, TiSi2 and contact implants, it is likely, that the n-doped poly-Si functioned as an
unlimited source for phosphorous diffusion into the region of the contact implant. Using
the Arrhenius parameters reported in [44] and a maximum temperature of 1040 ◦C for
the final anneal, the phosphorous concentration 50 nm away from the poly-Si/Si interface
is approximately 1× 1020 cm−3. The diffused phosphorous would then have compensated
the charge carriers of the contact implant and thus eliminated the connection between
the implanted layer and the TiSi2 in the trench bottom.

It is therefore evident, that either the contact material and the implanted layer must be
of the same dopant type or a diffusion barrier and metal layer must be used between the
two.
While Tungsten enabled a good contact to the implanted boron layer, for the chips where
the connection remained, it was not a viable option for long-term use, due to the risk of
contamination and the bend up of the contact material above the trenches.
The fourth variation which used a Ti/TiN-Liner in combination with n-doped poly-Si
was able to contact implanted boron layers. This means, that the ALD liner, which
was deposited on the sidewalls and bottom of the contact trench was sufficient as a
diffusion barrier for the phosphorous in the poly-Si and prevented the formation of a
pn-junction.

If a metal layer is used, the dopant concentration on the semiconductor side of the ms-
junction must be high. As explained in section 2.4, this is necessary to ensure an ohmic
contact instead of a Schottky contact. For the high implant doses used in the described
experiments, this condition is met. An additional contact implant can be used to fulfil
this condition if the dose of the active implant is low. This was the case for implants
in the low 1 × 1013 cm−3 range. However, this additional implant must be of the same
dopant type as the active implant, have a high dose and it must be shallow. Since this
implant process must occur before the contact trenches are filled, the implant is subjected
to the following high temperature processes used to anneal the contact material and later
to anneal the active implant. The effect of the diffusing contact implant dopants must be
taken into account.

7.2.3 Accuracy

All sheet resistances calculated from measured resistances were in good agreement with
the calculated values from simulations of the implant conditions. Exceptions occurred,
when the implanted dose resulted in charge carrier concentrations below the range of
validity for the formulas used to calculate the mobility. Performing the fit on the measured
values resulted in fit parameters, which were in good agreement with the fit parameters in
table 4.3 for implantations on unstructured wafers, indicating, that the sheet resistances
for lower doses in the 1×1013 cm−2 are correct as well. For Boron implants through 60 nm
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Figure 7.1: Equivalent circuit of chipvariation 6

Figure 7.2: Equivalent circuit of chipvariation 7

nitride with ALD Ti/TiN + poly-Si contacts, the fit parameters differed from those on
unstructured wafers by +0.137 for a and −4.694 for b. For phosphorous implants through
60 nm nitride with poly-Si contacts, a deviated from the fit on unstructured wafers in the
third decimal and b differed by −0.439.

The main concern for accurate measurements were influences that overshadowed the signa-
ture of the implanter itself. Such influences were variations in the thickness of the nitride
overlying the active area, possible out-diffusion of the contact implant or the dopants from
the poly silicon when no diffusion barrier was used and the influence of the measurement
itself. The influence of the measurement program was eliminated by norming the mea-
sured resistance values on the median of the chipvariations per each measurement site.
For the radial pattern, which was attributed to variations of the nitride thickness over
the wafer, a fit was performed on the ∆R [%] values and deducted from the measured
resistances. The resulting variations of the resistances over the wafer were within the
±1.5% range expected for the implants and showed a stripe-like pattern. However, a
twist of the wafers by 90◦ should have resulted in a twist of the stripes. This was not the
case. The pattern is therefore not a result of beam current fluctuations over the wafer
diameter. Such fluctuations should be seen in the resistance measurements, as they result
in local changes of the implanted dose.
The ratios between the measured resistances from chipvariations on a single wafer were
generally in good agreement with the expected ratios stated in table 5.1. The exception
were the variations 6, 7 and 8. For these chip variations both length and width were dou-
bled, which should have kept the resistance the same. However, in all experiments, where
a measurement of the chip variations was possible, the resistance decreased from 6 to 8
with the increase in area. Comparing this effect with the offset that was observed between
chipvariations 1 and 4, which had the same length, but different widths, indicates, that
the change in width is the deciding factor. Figure 7.1 shows the equivalent circuit for chip
variation 6. Rn1 and Rn2 are the resistances between the needles of the measurement
tool and the contact material. Rc1 and Rc2 are the resistances of the contact material.
RL1 is the resistance of the implanted layer. When both length and width of the active
area are doubled, as it is the case for chipvariation 7 in comparison to variation 6, RL1 is
expanded with RL2, RL3 and RL4. The serial resistances are due to the doubled length
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and the parallel resistances are due to the doubled width. Rn1 and Rn2 stay the same.
If the Rc resistances did not change as well, the resistance of both circuits would be the
same. However, a wider structure requires additional contact material, resulting in the
change in Rc1 and Rc2, which can be described by adding the resistances Rc3 and Rc4.
These additional resistances are responsible for the offsets between chipvariations were
the width changes.

The presented standard deviations of the implanted dose given in percent generally showed
a reduction with increasing length. This was also seen for structures with the same length,
but different widths, although the effect was less noticeable for those cases. The high-
ohmic structure resulted in most cases in the lowest deviations. It is likely, that the
high deviations for chip variation 11 in table 5.3 are due to the fact, that the measured
resistances were close to upper limit of the validity range of the measurement program.
Therefore it can be concluded, that the chipvariations with bigger active areas offer the
highest chance of actually representing the changes in the implanted dose.

7.2.4 Proposed Ideal Process Flow

An ideal process flow should be robust against variations at the individual processes.
While the process flow could not be finalized during the course of this thesis, the presented
results offer insight into the main difficulties that need to be taken into account.

Isolation

The isolations trenches must be deeper than the concat trenches. The current depth of
4 ➭m should be sufficient for most ion implant energies in productive use. A change to a
different oxidation process could mitigate the influence of the isolation trench width on
the width of the active area. The nitride is a necessary component to protect the active
area, but a thickness of 30 nm should be sufficient to act as a contamination protection
and as a scattering layer during the implant. It would be advantageous to start with
this nitride thickness. If the filling of the isolation trenches requires a thick nitride layer,
it should be removed and replaced by a thin nitride after the oxidation of the trenches.
Possible ways to remove the nitride are hot phosphoric acid or a plasma etch process. If
hot phosphoric acid is used, the pad oxide below the nitride must be replaced as well, to
avoid contaminations with phosphorous.

Contacts

The contact trenches should be shallower than the isolation trenches, but they need to
be deep enough to contact the whole implanted layer. Under the assumption of complete
nitride and oxide removal over the active area, a trench of 1 ➭m depth would be sufficiently
deep to contact a boron implant with up to 250 keV or a phosphorous implant with up to
525 keV. For the measurement of implants with higher energies, the depth of the trenches
would have to be increased.

Concerning the contact material, it can be concluded, that a poly-Si, that is doped with a
high dopant concentration of the same type as the active implant creates a good contact.
If a poly-Si of the same contact type is not available, then the alternative contact with an
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ALD deposited Ti/TiN liner and a poly-Si filling in combination with a contact implant
works as well.

Active Area

Considering the standard deviations for each chipvariation, it would be beneficial to use
only variations 3, 7 and 11, as they were the most stable. For a given implant dose,
variation 7, 3 and 11 result in low, medium and high resistances respectively. With this
it would be possible to use the structures for a wide range of implant doses, since at least
one of the structures would be suitable for a measurement.

(a) Current Shot Pattern (b) Proposed Shot Pattern

Figure 7.3: Shot pattern currently in use and proposed shot pattern

Figure 7.3a shows the shot patttern used for the test structures in the presented exper-
iments. It includes all chipvariations. A shot pattern, that only includes the variations
3, 7 and 11 is proposed in fig. 7.3b. The variations are no longer arranged in rows with
only on variation, but rather mixed. This would allow an easier determination of shot
pattern specific influences and every row and column would include structures for all im-
plant doses. To evaluate geometric effects caused by diffusion of dopants from the contact
material into the active region or by changes of the isolation trench width, a pattern
consisting of variations 2, 4, 5 and 11 could be used. 2 and 4 have the same length,
but different widths and from 4 to 5 the width is constant but the length doubles. With
this, there are again low and mid ohmic structures present. Within a shot the pattern
should be similar to the version in fig. 7.3b, in the sense, that each row should start with
a different chipvariation.
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7.3 Wafer ageing

The results presented in chapter 6 indicate, that the native oxide and the thin oxide
created through the standard clean 2 are not sufficient to protect the wafer from con-
taminants. The LEIS measurements showed potassium on wafers, that were stored for
10 months, with more potassium at the wafer edges than in the middle. While the VPD
measurement did not show a potassium concentration, that would be high enough to
account for a change in the sheet resistance, this might be due to the nature of the mea-
surement. For the LEIS measurement two small areas where chosen on the wafer and
analysed. During the VPD measurement the droplet that is analysed in the ICP-MS
was scanned over the whole wafer. A spatial resolution is therefore not possible and the
returned concentration is averaged over the whole wafer.
To achieve spatial resolution TXRF measurements were done. The TXRF showed the
presence of iron atoms on the wafer surface on three wafers.
Since the three measurement methods were performed on wafers, that were implanted
within a few weeks of each other with the same implant parameters and stored in sep-
arate wafer boxes, it is likely that the differences in the measurement results are due to
the difference in storage. As the wafers were processed and measured on the same tools
before LEIS, VPD and TXRF were performed, the only source of contaminants that are
left are the clean room air and the boxes in which the wafers were stored. Joly reported
ion implantation, thermal treatment, etching and cleaning as the main sources of metallic
contaminations on silicon wafers. [45] Since the wafer boxes were used to store other
wafers before the ones used for this thesis, it is possible, that trace amounts of contami-
nants were left over in the boxes even after a cleaning process. This might account for the
difference in the observed contaminant species. Gorodokin and Zemlyanov also mentioned
clean-room gloves as a possible source of Fe and K contamination. Handling of equipment
parts with clean-room gloves during maintenance could lead to such contaminations, when
the equipment comes into contact with the wafer. [46]

As mentioned by Krivec [47], a contamination of sodium ions with a dose of 1×1010 cm−2

at an interface already leads to a change in the threshold voltage of a MOS transistor.
Ion concentrations below this value are therefore considered insignificant for this analysis.
Chen reported changes in sheet resistance over time for ion implanted silicon wafers.
Wafers implanted with n-type dopants showed a fast increase, while for p-type dopants
a slow decrease or increase was seen. The changes in sheet resistance were attributed to
changes in the surface charges through the growth of an oxide layer and the deposition of
contaminants. [26] ”Reduction of the fixed surface charge density and increasing of the
trap density both force the reduction of N-type layer’s carrier density. But the former
helps increasing and the latter causes reduction of the carriers in the P-type layer.”[26,
p.2] The measurement system needle - native oxide - silicon can be approximated as a
Metal-Oxide-Semiconductor (MOS) structure. In a real MOS structure interface traps
and trapped charges at the SiO2/Si interface, fixed oxide charges, oxide trapped charges
and mobile charges can exist and influence the characteristics of the structure. Interface
traps can be acceptor or donor like and create charge states within the bandgap. They are
dependent on the applied bias. The other charges do not depend on the bias and cause
a voltage shift. Sze and Ng likened the fixed oxide charges to ”a charge sheet located
at the Si-SiO2 interface”.[7, p.223] Mobile charges Qm can, as their name suggests, move
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through the oxide in accordance with the applied bias. The corresponding voltage shift
is given by eq. (7.1)

∆Vm = −Qm

Ci

(7.1)

Ci denotes the capacitance of the oxide. The voltage shift is added to the flat band
voltage. [7]

The effect of the bakeout experiments could be explained as desorption of contaminants
during the temperature steps or through diffusion deeper into the material, where their
effect on the sheet resistance could be diminished.
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Chapter 8

Summary and Outlook

Multiple implants are a suitable way of reducing random variations in ion implantation
monitoring. An optimum between the improvement through a higher number of implant
steps and process restrictions such as the need for a fast feedback and sufficient accuracy
must be found.

The wafer surface is not sufficiently protected after the last HF and SC1 and SC2 clean
to account for long storage processes. If a ”golden” reference wafer should be used, a
defined oxide or nitride layer on top is necessary, as it was already suggested in [7] and
[26].

The sheet resistance for boron, phosphorous and arsenic implants with different doses
follows the power law of [34].

Metal-semiconductor junctions in combination with contact implants results in good con-
tacts with the implanted layer in the tested structures for both boron and phosphorous
implants. The prerequisite for this is the use of a layer, that lines the whole contact
trench. Using TiSi2 at the bottom of the trench with a contact implant that envelops
the trench is not enough to contact a boron implant if n-doped poly-Si is used to fill the
trench. For phosphorous implants it makes no difference, as dopants that diffuse from
the poly-Si into the active area supplement the contact implant and do not repress it. A
Ti/TiN Liner and a tungsten plugfill process offer a good contact to the implanted layer,
but the necessary process steps to produce the structures cause too much stress in the
material. The bend up and subsequent breaking of the contact strips poses a significant
contamination risk.
The combination of a Ti/TiN liner deposited by ALD and a poly-Si plugfill process is a
suitable alternative. The buried liner poses no contamination risk, but the even depo-
sition along the trench walls offers a good contact to the implanted layer in all possible
implant depths.

Further experiments are required to test the structures with different implantation ener-
gies with the same dose and species. The evaluation of the robustness of the structures
concerning variations in the production remains to be done. The combination of the
structured wafers with multiple implant steps is of interest as well.
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The multiple implant method offers a simple and cost efficient way of improving the accu-
racy for ion implanter monitoring, without the need for additional equipment. Through
the number of implant steps the gain in accuracy can be adjusted as needed. The tested
structures on the other hand enable the monitoring of both dopant types in different dose
ranges and energies.
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