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Abstract

The study of CP violation requires dedicated detectors and accelerators. At KEK, the High
Energy Accelerator Research Organization located in Tsukuba, Japan, an upgrade of the
present accelerator KEKB and its detector is in progress. For this new Belle II detector, a
new vertex system will be installed, consisting of a silicon strip detector (SVD) and a pixel
detector (PXD). The PXD exhibits eight million pixels, each of them made of Depleted
p-channel Field Effect Transistors (DEPFETS).

During the operation of Belle II various machine- as well as luminosity-related background
processes affect the device performance of the DEPFET through radiation damage. As a
Metal-Oxide-Semiconductor (MOS) device, the DEPFET is affected by ionizing radiation
damage as well as by damages to the silicon bulk itself.

The major part of the radiation damage has its origin in the creation of electrons and
positrons near the interaction point. Therefore, the hardness factor of electrons of relevant
energy was investigated in this work. With this quantity the damage by electrons could be
compared to the damage inflicted by neutrons. Neutron irradiations were performed with
DEPFETSs and related silicon material. The effects of leakage current increase and type
inversion were studied.

As the electron hardness investigation indicates, the bulk damage done to the DEPFET
is small in comparison to the impact on the silicon dioxide layer of the device. Ionizing
radiation results in a build-up of oxide charge, thus changing the device characteristics.
Especially the threshold voltage of the DEPFET is shifted to more negative values. This
shift has to be compensated during the operation of Belle II and is limited by device and
system constraints, thus an overall small shift is desired.

The changes in the device characteristics were investigated for the two gate electrodes of the
DEPFET with respect to their biasing and production related issues. With an additional
layer of silicon nitride and a proper type of oxidation the influence of the alterations are
minimized. For the evaluation DEPFET equivalent devices were utilized. Recommendations
for the final production could thus be made.

The thesis is continued with a discussion on surface damage annealing and a proposed model
for the ionizing radiation damage in Metal-Nitride-Oxide-Semiconductor (MNOS) devices.
A suitable model helps by predicting the radiation damage in the DEPFET, facilitating
design considerations for the production of the device. The model is based on an electric
field dependent charge yield in the oxide and nitride insulator with subsequent trapping of
the resulting electrons and holes.

An estimation for the expected signal performance of the DEPFET in Belle 11 as well as the
behavior to inhomogeneous irradiation in the PXD conclude this work.



Zusammenfassung

Das Erforschen der CP Verletzung verlangt nach geeigneten Beschleunigern und Detektoren.
Am KEK, der Hochenergie- und Beschleunigerforschungsorganisation in Tsukuba, Japan,
findet ein Upgrade des bestehenden Beschleunigers KEKB und seines Detektors statt. Ein
Vertexsystem wird fiir den neuen Belle IT Detektor installiert, welches aus einem Silizium-
streifendetektor (SVD) und einem Pixeldetektor (PXD) besteht. Der PXD verfiigt {iber
acht Millionen Pixel, von denen jeder einzelne aus einem Depleted p-channel Field Effect
Transistor (DEPFET) aufgebaut ist.

Wiéhrend der Betriebsdauer von Belle II beeinflussen verschiedene Beschleuniger- und Lu-
minosititsbasierende Untergriinde das Verhalten des DEPFET. Als ein Bauteil welches auf
dem Metal-Oxide-Semiconductor (MOS)-Ubergang basiert, wird der DEPFET durch ion-
isierende Strahlung im Oxid, wie auch durch Strahlung im Silizium selbst geschidigt.

Die Hauptquelle der Strahlung hat ihren Ursprung in der Erzeugung von Elektronen und
Positronen nahe dem Wechselwirkungspunkt. Daher wurde der Hértefaktor von Elektro-
nen im relevanten Energiebereich untersucht. Mit dieser Grofle kann der Schaden welcher
von Elektronen verursacht wird mit denen von Neutronen verglichen werden. Neutronenbe-
strahlungen wurden an Siliziummaterial durchgefiihrt, welches zum Material des DEPFETSs
vergleichbar ist und die Effekte von Leckstromzunahme und Typinvertierung untersucht.
Wie die Erforschung der Harte von Elektronen zeigt, ist der Schaden im Sliziumsubstrat
des DEPFETSs durch sie im Vergleich zum Schaden in der Siliziumdioxidschicht des Bauteils
gering. lonisierende Strahlung fithrt zu einem Aufbau positiver Ladungstrager im Oxid
und verandert dadurch die Bauteileigenschaften. Diese Verdanderungen wurden fiir die zwei
Gateelektroden des DEPFETSs untersucht. Berticksichtigt wurden hierbei produktionsspez-
ifische Fragestellungen, wie die Menge an Siliziumnitrid und die Wahl des Oxidationsver-
fahrens, als auch das Verhalten aufgrund unterschiedlicher elektrischer Potentiale. Zu diesem
Zweck wurden Bauteile verwendet, welche zum DEPFET &quivalent sind. Damit konnten
Empfehlungen fiir die finale Produktion gewonnen werden.

Die Arbeit wird mit einer Diskussion iiber das Ausheilen von Strahlenschdden und einem
vorgestellten Modell zur Beschreibung der Auswirkung ionisierender Strahlung in Metal-
Nitride-Oxide-Semiconductor (MNOS) Bauteilen fortgesetzt. Ein geeignetes Modell der
Strahlenschéaden in MNOS Bauteilen kann die zukiinftige Design- und Entwicklungsphase
neuerer Strukturen erleichtern. Es basiert auf der Ladungstragerausbeute in beiden Isola-
torschichten mit anschlieBendem Einfangen der resultierenden Elektronen und Locher.

Eine Abschitzung des zu erwartenden Signalverhaltens des DEPFETS in Belle II, sowie das
Verhalten aufgrund inhomogener Bestrahlung schlieflen diese Arbeit ab.
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Chapter 1.
Introduction

In the past decades, the Standard model of elementary particle physics (SM) has proven to
be extremely successful. However, some observations like the dominance of matter vs. anti-
matter in the universe cannot be readily explained. This asymmetry in the genesis of baryons
requires three criteria to be met, first formulated by Sakharov [1] in 1967 (republished 1991).
These Sakharov conditions state:

1. Violation of the baryon number B.
2. Violation of C and CP symmetry.
3. No thermal equilibrium.

The first point is evidently a necessary starting point. In order to have more baryons to be
generated the proper conservation quantity has to be violated. This can be represented via

(2D)
X =Y +DB, (1.1)

in which X and Y are particles with Bxy = 0 and B represents the excess of Baryons
(B > 0). However, in the SM this quantity is conserved and such a process was up to now
not observed.

The second condition states that a process under charge-conjugation symmetry C, which
would result in equal production rates for baryons and anti-baryons, has to be violated, thus
reaction rates I' are

(X =Y +B)#T(X —-Y + B). (1.2)

Also the CP process must be violated. The particle X may decay into two left-handed or
right-handed quarks according to

X = qrqr, (1.3)
X — qryr.

Thus, if C and CP were a symmetry of nature equal production rates via
T'(X — qrqr) + T(X = qrgr) = T(X = ,3,) + T(X — TxqR) (1.5)

would prevent an asymmetry between baryons and anti-baryons.
The third statement must be fulfilled to prevent an inverse reaction rate of equation 1.1,
which would be in effect in a thermal equilibrium. Thus, the condition

I(Y+B—X)=T(X > Y +B) (1.6)
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would restore the baryon asymmetry.

In the frame of the SM great efforts have been put into the study of CP violating effects.
Nevertheless, the measured and predicted rates cannot account for the observed matter/anti-
matter asymmetry in the universe. However, the information is still not complete and dedi-
cated experiments have been and are going to be built in order to shed some light into this
elusive aspect.

Collaborations of particle physicists have been formed for this endeavor and resulted in suc-
cessful experiments such as BaBar! or LHCb?. One of those aforementioned experiments
is the upgrade of the Belle experiment towards Belle II, which focuses on the study of the
decays of generated B° /EO pairs. CP violating effects can e.g. be observed if particle and
anti-particle end up in the same final state. Since their lifetimes and especially the difference
in their lifetimes is very small, high precision detector components are required for measure-
ments in this system.

The accelerator structure creates a boost of the system which translates the difference in
their lifetimes into a spatial distance of their decay vertices. The reconstruction of the ver-
tices is made possible by precision vertex detector instruments. The first in line is the Pixel
Detector (PXD), consisting of Depleted p-channel Field Effect Transistor (DEPFET) pixels.
The DEPFET has many advantages such as an intrinsic amplification and low noise, which
makes it the detector of choice for the PXD. Yet, as a silicon semiconductor device it suffers
from the radiation generated in the interaction point and from other radiation background
processes in the detector environment.

The major part of the radiation damage has its origin in the luminosity-related creation
of electrons and positrons at the interaction point. These low energetic particles traverse
the DEPFET, causing on their way both damage to the bulk and to the oxide layer of the
device. This layer, common in all Metal-Oxide-Semiconductor (MOS) devices, is affected
twofold.

One aspect is the build-up of positive charge at the interface, leading to different device
characteristics such as a change in the threshold voltage. This is influenced by the type of
oxide and may be compensated partially by an additional layer of silicon nitride. The other
aspect is the creation of interface traps, which manifest as additional noise of the device.
Bulk damage on the other hand is caused by a distortion in the crystal lattice, altering the
properties of the silicon itself. The damage is observed e.g. by an increase in leakage current
and in a change of doping concentration.

In this work all three aspects of the radiation damage, i.e. oxide trapped charge, interface
traps, and bulk damage, are investigated. Production parameters, such as the type of oxida-
tion and nitride layer thicknesses are studied in order to find optimal operation conditions
for the DEPFET in the Belle IT experiment. With such optimized device parameters a longer
lifetime of the DEPFET in the radiation environment can be expected.

The annealing of defects is also investigated since dose rates in the final experiment are
considerably smaller than the ones used for irradiation experiments in this thesis.
A model for the behavior of the radiation induced threshold voltage shift due to ionizing

"http://www-public.slac.stanford.edu/babar/default.aspx
2http://lhcb-public.web.cern.ch/lhcb-public/


http://www-public.slac.stanford.edu/babar/default.aspx
http://lhcb-public.web.cern.ch/lhcb-public/

radiation is presented at the end of this work. It is accompanied by estimations for the
DEPFET with respect to the integrated luminosity, such as detector noise and different
device/system behavior caused by inhomogeneous irradiation profiles.






Chapter 2.
The Belle Il Project

CP violation is an important part in the standard model and is a key to the matter/anti-
matter asymmetry in our universe. The study of it evolved from the first occurrence in the
kaon system to the study of CP violations of neutral B mesons. Dedicated accelerators and
detectors were developed for this endeavor. The already successful particle detector Belle
[3] is now being upgraded towards Belle II.

Starting from a particle physics point of view, CP violation is reviewed briefly, then the
intended Belle IT detector is presented. The Pixel Detector (PXD), i.e. the detector closest to
the interaction point and consisting of Depleted p-channel Field Effect Transistor (DEPFET)
pixels, is closer examined. The layout of this subdetector is presented in this chapter, as
well as the various radiation background components which are responsible for the radiation
damage of the DEPFET pixels.

2.1. Particle Physics Motivation

This section is a brief introduction into the field of particle physics and CP violation. Further
reading on this matter can be found in [4, 5, 6].

2.1.1. C-, P-, T-Operations and CP-Violation

Symmetries play an important role in modern physics. Each continuous symmetry opera-
tion which leaves a system invariant corresponds to a conservation law (Noether’s Theorem
[7]). In this way the translation of time corresponds to the conservation of energy and the
translation of coordinates x — x’ to the conservation of momentum.
In addition to the continuous symmetries, the Standard model of elementary particle physics
(SM)! also relies on discrete symmetry operations. Important discrete symmetries are charge
conjugation C, parity transformation P, and time reversal T.
The effect of the charge conjugation operator C on a wave function of a particle |¥) alters
this state into its antiparticle by changing all relevant quantum numbers (not only electric
charge),

C ) = |T). (2.1)

A parity operation inverts space coordinates with respect to the origin,

P¥(x)) = [¥(-x)). (2.2)

!Since the SM has many developers a historical review on the achievements of particle physicists is given in
(8]
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E.g. it leaves the spin of a particle unaffected (s Lt s), and due to a change in momentum

P L -p, the angular momentum 1 21 s not changed as well. In this way vectors can be
distinguished into polar vectors V, which change their sign under a P operation, and into
axial vectors A which are invariant under P transformation.

The time reversal operator T simply mirrors the time of a system,

T|w(t)) = [¥(=t)), (2.3)
leaving the space coordinates unchanged x EN X, but particles now move backwards p EN -p.

Those discrete symmetry considerations are necessary in physics since it can be shown
quite generally that every system has to be invariant under the combined transformation of
CPT, following the laws of quantum field theory. Since only the combined operations of C,
P, and T are invariant it is possible that e.g. parity transformations are violated (like in
weak interaction) when the two other operations combined (C and T) restore the system.
In this way, CP violation is possible if the time reversal operation T is also violated. The
first evidence of CP violation was found in 1964 by Cronin, Fitch, and Christenson et al. [9]
and the following sections will describe this property of the SM in more detail.

2.1.2. Flavor Physics

The SM describes the interaction of particles by three different forces, the Electromagnetic
(EM), the weak? and the strong force. The forces are represented via the exchange of force
carrier particles among leptons and quarks. The latter can be represented in three different
generations and each of the six quarks has a quantum number called flavor. Figure 2.1 shows
a summary of the available elementary particles.

The flavor quantum numbers are conserved in EM and strong interactions, but are violated
in weak interactions (i.e. changing one quark into another). The weak force carrier couples
to the eigenstate of the weak isospin which is rotated to the eigenstate of the quark flavor.
Originally introduced by Cabbibo in 1963 [11] for n = 2 quark generations, the idea of
rotation was generalized for n = 3 generations by Kobayashi and Maskawa in 1973 [12]. The
formalism involves a unitary matrix V to transform the flavor eigenstates |¢) into the weak
eigenstates |¢'),

d Vud Vus Vub d
8/ = Vcd V;;S Vcb S . (2.4)
v Via Vis V) \b

The elements V;; of the complex CKM-Matrix represents the coupling strength of the quark i
converting to a quark j. In this case the electric charge changes and therefore the interaction
is mediated via the W Bosons of the weak force.

The elements of the matrix are not entirely free. E.g. the sum of one row ¢ is constrained
by

n

Z “/ij|2 =1, (25)

j=1
meaning that the sum of all up-type quarks (u,c,t) coupling to the down type quarks is
universal. Another constraint on the matrix is the unitarity condition.

2which can be combined with EM to an electroweak force
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mass - [(2.4 Mev/cz N (127 Gevic: Nin2ceviee ) fo =126 GeV/c?
charge->|2/3 < 2/3 - 2/3 T 0 0
spin->| 1/2 1/2 1/2 1 0
Higgs
L up L charm J top ) photon boson
4.8 Mev/c? 3 (104 Mevic N (22 Gevic: 3 o
(")) "N "N '
¥ -1/3 -1/3 -1/3 0
m 1/2 1/2 1/2 1
3
o\ down JL strange )14 bottom ) gluon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
-1 -1 -1 0
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Figure 2.1.: Elementary particles of the standard model, after [10].

2.1.3. Unitarity Triangle

For the conservation of probability, the CKM-Matrix has to be unitary. This will lead to a
set of equations, which have to satisfy

% Vij = Okj. (2.6)
This condition results for the case of k = 2 and j = 1 into the equation
VisVud + VésVea + VigVia = 0. (2.7)

In the kaon system the transition in the Feynman graphs (cf. figure 2.3) is made possible
via the exchange of u, ¢ and t quarks to the d and s quarks (and appropriate anti-quarks)
of the kaon. From measurements in this system more information can be get on the matrix
elements of equation 2.7.

Equation 2.6 can be interpreted as a triangle in complex space, but since the third term
ViiVia in equation and 2.7 is very small, the triangle is nearly flat, indicating almost no CP
violation in the kaon system?.

On the other hand, the sides of the triangle in the B system,

Vo Vud + Vi Vea + VipVia = 0, (2.8)

are of similar lengths, which makes this system an ideal test candidate. A good test for the
SM is if the unitarity conditions of equation 2.6 hold true, i.e. if the triangle is closed.

An up-to-date picture of the triangle is shown in figure 2.2. The sides of the triangle have
been normalized by V;V.q, thus this side is going from (0,0) to (1,0).

3If no imaginary part existed, the triangle would be flat and no CP violation present.
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Figure 2.2.: Up-to-date picture of the unitarity triangle. The closeness is still not ensured, as
can be seen by the indication on top of the triangle. Updated plot from [13].



2.1. Particle Physics Motivation

2.1.4. Time Dependent CP Violation

Neutral Meson Mixing

In the kaon system a transition from K into K was observed. The transition process is
explained in leading order in the Feynman box diagrams 2.3. The situation in the B° system,
figure 2.4, is similar. Both systems are able to oscillate between particle and anti-particle,
which is called flavor mizing.

5 w d d u Gt d
| |
| |
Ko u Gt u Gt K Ko :w :w Ko
| I
- ___ | |
d w s d u,ct s
(a) (b)

Figure 2.3.: Feynman diagram for the oscillation of K° to i’

b W d b UGt d
—_—
| |
| |
B UGt UGt B B : w : w B
| |
N | I
d w b d uct b
(a) (b)

Figure 2.4.: Feynman diagram for the oscillation of B° to B

The (lighter and heavier) mass eigenstates of the B-mesons can be described as linear
combinations of particle and anti-particle,

Br) = p|B% +q|B") (2.9)
|By) = p|B%) — q|B"), (2.10)

in which p and q are constants. These eigenstates can, in contrast to the kaon system, hardly
be distinguished. However it is possible to measure an amplitude A to the same final state
|f) via the transition T,

— -0

Acp = (fITB") (2.11)

Acp = (f|T|B%). (2.12)
The two states of the B system oscillate into each other. Thus, in order to predict which

state can be observed at a given moment in time ¢, one needs to solve the evolution of the
oscillation process. From equations 2.9 and 2.10 a state B? at a moment t = 0 is given by

|BY) = 21p<|BL> +|Ba)). (2.13)
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Time evolution of light and heavy Bs can be expressed by
|BL(t)) = e7 et L2 | By = emimat . (Fut/2(p| BY) + ¢ [B)) (2.14)
|Br(t)) = e~mat . Pntl? | By = emimut . Lut/2(p | B%) — ¢[B")), (2.15)

where my and mpyg are the masses of light and heavy B’s and I';, and 'y are their decay
width. This leads to a time evolution for B? with

1BO(#)) = g(t) [cos <A2mt> |BY) + i%sin (A;"t) |§0>} , (2.16)

,mH+mL

with Am =my —my, and g(t) = e 2z . el'"/2, The difference in the decay width I' of
the heavy and lighter B can be neglected since the time difference is very small, which was
confirmed by calculations based on the box diagrams in figure 2.4.

2.1.5. Entangled State for B Mesons

From the EM interaction of e™ 4+ e~ — ~ a short-lived bound state of bottonium is created,
the T(4S). The short-lived meson decays almost instantaneously with a probability of ~ 1/3
into a pair of neutral B° /EO mesons.

From the quantum numbers of the initial photon, J©¢ = 17~ the system of the two Bs has
to be in an L = 1 state, because S = 0%.

Since parity is conserved in EM and strong interaction, the total wave function of the two
Bs exhibits a negative parity. Choosing a coordinate system where one B is located at x
and the other at -x results in

1
V2
Applying the parity operator on this system,

1
V2
=(-1)|¥p) (2.19)

Wp) = —= (|B1(x)Ba(-x)) — [B1(-x) B2(x)) - (2.17)

PWp) = —= (|Bi(-x) Ba(x)) — |Bi(x) B2(-x)) (2.18)

switches the space coordinates and yields the parity quantum number of the photon.

The state of the B system is determined by the asymmetric wave equation 2.17, in which

for By and B, the time evolution of equation 2.16 for B? and the appropriate equation for
B” can be inserted.
In section 2.1.4 it was shown that the neutral B meson can oscillate into its own antiparticle
(equation 2.16). Therefore it is possible to assume a time #' at which two identical B"B°
or B'B° mesons arise. However, identical bosonic particles would require, according to
Bose-Einstein statistics, a symmetric wave function. Yet, as long as the wave function |¥p)
does not collapse (i.e. a measurement takes place or one of the B mesons decays) the wave
function is still antisymmetric. Thus, the entangled state |¥ p) is kept and the two B mesons
can only oscillate orthogonally [14].

41f the two fermions in the B meson would couple to a spin 1 particle additional energy would be needed
for a B*.

10



2.1. Particle Physics Motivation

2.1.6. Measurement of CP Violation

One way to perform a CP violation measurement is if particle and anti-particle end up in
the same final state. A representation of this issue is depicted in figure 2.5a for B% and in
figure 2.5b for EO, with the special case for |f) = |J/¥, K3). Not all contributing Feynman

Mixing Direct .
_ ; K° - "
b w d ° b

—— -

B® uct uct B B®

" 3
Sw € R
———
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K 0
c W s
d

(a) Decay of B® — J/, K2 via mixing and direct Feynman diagrams.

Mixing Direct .
d Ko "
b w d ) b
———— -
3 \\\W' C
uct B , B° N
"W* ¢ S
+ -------- - ! <
d w b d
2 b K?
d

(b) Decay of B~ J/, K via mixing and direct Feynman diagrams.

Ql

Figure 2.5.: Feynman diagrams for the decay of B° and B’ into the same final state J/v
and K g.

diagrams for the same final state |f) are represented in figure 2.5. E.g. one of the oscillation
(cf. figure 2.4) is missing.
Instead of decay amplitudes (equation 2.11 and 2.12) decay rates in the form of
(B = f) = |Acpl’ (2.20)
(B’ = f) = |4cp|” (2.21)

are measured. Since these small numbers are hard to compare, the figure of merit is the
asymmetry

I(B° = f) ~T(B’ > f)
(B — f)+ (B’ - f)

acp = (2.22)

between the decay rates.

The short lifetime of B° mesons in the order of ~ 1.5 ps does not allow a direct time
measurement between B° and B'. However, the asymmetric energy of the SuperKEKB
accelerator (Low Energy Ring (LER) with 4 GeV and High Energy Ring (HER) with 7 GeV)
leads to a boost of the system, enhancing the lifetimes of the particles by the Lorentz factor
~, creating a distance AL between the two decay times.

11
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With the production of entangled initial states, cf. equation 2.17, flavor oscillation can be
handled. Figure 2.6 shows the decay of an entangled BB state into J/¥ and Kg. The
semileptonic decay designates the tagged B-meson. At this time the flavor is fixed due to
the charge of the lepton. The tagged B meson is either B° /EO and the other (reconstructed)

B-meson is in the opposite state B’ /B and now free to oscillates on its own until it decays,
too.

Boost /-

e >
Y(4S)

Figure 2.6.: Decay of BB’ into J/WK?Y. The charge of the lepton in the tag side is entan-
gled to the charge of the reconstructed B’

With a precise measurement of the two decay vertices, the distance of the decay AL is
translated back into a lifetime difference AT between particle and anti-particle. In order
to reconstruct such small differences and to study the effects of CP violation an enormous
effort is put into the construction of dedicated accelerators and detectors. In fact a preciser
measurement of spatial difference between the two vertices implies preciser information on
the CKM -Matrix elements and therefore on CP violating effects.

2.2. Belle Il Detector

The oscillation from BY into its antiparticle makes great demands on possible measurements,
i.e. detectors with dedicated properties for this endeavor. The study of CP violation was
amongst others conducted with the Belle experiment at the KEKB accelerator in Tsukuba,
Japan. This experiment was concluded on June 30, 2010.

The Belle II detector is the new measuring device at the SuperKEKB accelerator. The
asymmetric electron/positron collider will operate at an energy of 10.58 GeV? and is the
successor of KEKB.

The main purpose of Belle II is the study of CP violation in the B system and it is based on
the Belle detector. Since several machine parameters have changed for the upgrade of KEKB
to SuperKEKB the new detector itself has to cope with new requirements. One crucial part
is the increase in luminosity up to £ = 8 - 10%em™2s~!. Besides an increase in available
events, this will, amongst others, increase the occupancy, size of transferred data stream,

50ther energies are possible in order to operate at other resonances.
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and radiation levels as well.

An illustration of the intended detector is shown in figure 2.7. In the subsequent sections
the planned detector components are explained, based on [15]. Further reading can be found
in [16, 17].

PXD

SvD
CDC
ARICH

Figure 2.7.: Layout of the intended Belle II detector.

With the expected data set the uncertainties in the unitarity triangles can be reduced
further, decay channels can be analyzed more precisely and, via higher order Feynman
contributions, hints for new physics can manifest. An illustration of a sensitive process is
given in figure 2.8. Calculations of the SM processes can be, dependent on the decay, very
precise. Probing of such channels in experiments allows a comparison of the theoretical
predictions and observed data. Discrepancies therein can be explained via processes which
are beyond the SM, e.g. with supersymmetry (SUSY). Further reading can be found e.g. in
[18, 19].

2.2.1. Pixel Detector (PXD)

The PXD is the detector which is closest to the interaction point. Its layout is described
in detail in section 2.3. Besides tracking of “normal” hits, the PXD recognizes in addition
the crossing of pions with low transverse momentum p;. These particles with energies in
the range of 40 MeV < E, < 75 MeV deposit very high charge into the detector and are

barely visible in the following subdetectors. In order to facilitate tagging (cf. section 2.1.6
for details) this data of the PXD can become useful.

13
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a) b)
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Figure 2.8.: Penguin diagrams in which new physics can manifest. A SM process is shown in
a), while b) shows a contribution from a SUSY extension in which b and s squarks as well as
gluinos (g) participate (after [19]).

2.2.2. Silicon Vertex Detector (SVD)

The Silicon Vertex Detector (SVD) is composed of four layers of double-sided silicon strip
detectors. Its main purpose is to measure the tracks of charged particles together with the
PXD and the Central Drift Chamber (CDC) (see section 2.2.3) for the reconstruction of
the two decay vertices of B-mesons. In this way the detectors work together very closely.
Since the overall data amount of the PXD would be too large due to background, the CDC
and SVD report extrapolations of their tracks to the PXD where so-called Regions of Inter-
ests (ROIs) are defined. Hits in such regions are to be read-out later, depending on trigger
signals.

In addition, the combination of the two silicon based detectors leads to a so called Vertex De-
tector (VXD), since software considerations for tracking are in most cases applicable to both.

2.2.3. Central Drift Chamber (CDC)

Consisting of more than 14,000 wires the CDC plays a crucial role in the design of Belle
II. In addition to its main purposes, i.e. the reconstruction of charged particle tracks and
measurements of E/p, it also serves for particle identification via the energy loss in the gas
mixture. In addition, the CDC can provide trigger signals for charged particles to which
other subdetectors can react or participate in the analysis.

Most of the wires are arranged in z direction (axial) in order to measure the transverse
momentum, whereas the other wires (stereo) are slightly tilted by an angle of ~ £50 mrad.®
This provides information for the polar angle © of the tracks.

2.2.4. Particle Identification at End-Caps (ARICH)

For Particle Identification (PID) Cherenkov radiation is used. This radiation is emitted
whenever the velocity of a charged particle v exceeds the velocity ¢ = ¢/n of electromagnetic
waves in a medium with refractive index n and speed of light ¢. The light is emitted in a

Sangle depends on the layer
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cone and the opening angle (= 20,,) is dependent on the velocity:
cos Oy = /v =1/pn. (2.23)

By reconstructing this angle and knowing the refractive index of the medium the momentum
over mass can be extracted.

In Belle II this is realized in the end-caps via an aerogel, which serves as a radiator for the
particles, coupled to Hybrid Avalanche Photo Detector (HAPD). This detector consists of a
Photomultiplier Tube (PMT) with an Avalanche Photo Diode (APD) read-out. The aerogel
itself is highly transparent so that photon loss inside the material is suppressed (scattering
or absorption). The cone of the Cherenkov radiation is visible as an ellipsoid on the position
detectors (formed by the PMTs and APDs) from which a reconstruction of the cone is
possible. This setup forms the Aerogel Ring Image Cherenkov Detector (ARICH).

With this detector an identification of kaons and pions is possible. Differently from Belle,
where only a binary read-out of the two particles took place, in Belle II the ARICH will
have additional information (i.e. ) on the particle.

2.2.5. Particle Identification along the Barrel (PID, TOP)

The PID in r®-direction also relies on the emittance of Cherenkov radiation. First, a radiator
material converts the transition of a particle into Cherenkov light which itself is transported
in the medium. The light in this radiator is reflected internally until it reaches the read-out
nodes at the end. These consist of wavelength shifter and Micro Channel Plate (MCP)-
PMTs. The fast data acquisition of ~ 40 ps for the MCP-PMTs is necessary since the
arrival time of Cherenkov radiation due to pions is ~ 100 ps earlier than the light from
the slower kaons [20]. The two particles can be discriminated via this time gap due to
the different impinging angle of the particles. This forms the Time-of-Propagation (TOP)
detector.

2.2.6. Electromagnetic Calorimeter (ECL)

The calorimeter in Belle II consists of thousands of CsI(T1) crystals. Electrons and photons
deposit nearly all their energy into these crystals via bremsstrahlung and pair production and
create electromagnetic showers. On the other hand, heavier charged particles like muons and
pions deposit only a fraction of their energy into the Electromagnetic Calorimeter (ECL).
This feature, in combination with the F/p result from the CDC, is used to precisely identify
electrons. The read-out of these crystals is done with PMTs.

2.2.7. Kaon and Muon Detection (KLM)

Further outside of the solenoid the Kaon and Muon Detector (more precisely: Kg,u—
Detector) (KLM) is located. It consists of a sandwich structure of iron plates in combination
with Resistive Plate Chambers (RPC). Besides providing a return path for the magnetic
field, the iron plates serve as interaction material for muons and Kg. The muon and the
showers from Kg exit the iron plates and traverse the RPCs. This detector is based on
the principle of a plate capacitor with high voltage on each side and a gas mixture within.
Whenever a particle from the shower traverses the plates it ionizes the gas atoms and the
electric field accelerates the created electrons and ions. The electrons initiate more ioniza-
tion and the electric field in this area breaks down since the charge from the two plates now
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flows along the trajectory of the particle. This break-down is then picked up by sensor strips
which are placed orthogonally on each side of the RPC, so that a location of this event is
possible.

To distinguish between muons and K% one uses the fact that as a neutral particle the Kg
does not leave a track in the CDC, whereas the tracks from the CDC can be extrapolated
to find possible muon hits in the KLM. In addition, the decay of K% leaves a broad shower
contrary to the signal of muons.

2.3. The Pixel Detector (PXD)

With its asymmetric beam energies the SuperKEKB accelerator translates the difference in
the decay time of B- and B-mesons into a difference of the decay length via the boost of the
system. The crossing angle of 83 mrad of the beams and their energies lead to a relativistic
velocity of

8= IPeumsl _ [Pet +P-|-c _ 3.03

Fonrs Fonrs ~ 1058 ~ 0.286, (2.24)
and to a Lorentz factor of )
N = —— & 1.0438. (2.25)
Vi 7
Thus the decay difference due to their lifetime 7 is given by
AL = Byrc =~ 137 um (2.26)

In order to reconstruct this difference in the decay vertices precise vertex reconstruction is
needed.
Placing tracking detectors closer to the interaction point is a worthwhile goal for better
reconstruction. Yet, the occupancy of the detectors increases drastically in this way. The
use of pixel detectors is inevitable since standard strip detectors would suffer from their
ambiguities. In addition strip detectors rely on the principle of a depleted diode for signal
generation. This means, in order to increase the signal height thicker detectors would have to
be used in addition with electronics for amplification, which would require additional cooling
equipment. Such bulky detectors would lead to multiple scattering of particles crossing
them, which would affect the information gained from detectors sitting further outside of
the interaction point.
The DEPFET technology provides integrated amplification allowing a considerable reduction
in absorber thickness. For the Belle II detector a thickness of 75 um is envisaged which
corresponds to an equivalent thickness of 0.21 of the radiation length Xo”. In addition, the
DEPFET itself only dissipates power when switched on but is sensitive also in the off state.
Thus only marginal power of 0.5 W per half module (only DEPFETS) has to be cooled away
via air stream, allowing cooling equipment to be placed outside the acceptance region where
most of the heat-generating Application-Specific Integrated Circuits (ASICs) sit.
A Computer-Aided Design (CAD) drawing of the PXD is shown in figure 2.9, the working
principles of a DEPFET are described in section 3.4.

The PXD consists of two layers. Each of them is made of so-called half ladders. A
schematic is depicted in figure 2.10. The thin silicon bulk (active area) of a half ladder

including additional material like Application-Specific Integrated Circuits (ASICs), bump bonds, etc.
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Figure 2.9.: Technical design drawing of the PXD with Kapton cables (yellow) attached.
The detector is already mounted on the beam pipe (green) and only the outer layer is visible.
CAD drawing by K.-H. Ackermann.

contains 768x250 DEPFET pixels. They are controlled by Switchers (see section 2.3.2),
sitting on the thicker balconies of the modules.

At the end of each module (i.e. a half ladder), on thick silicon, the read-out ASICs are
located. They consist of the Drain Current Digitizer (DCD) (cf. section 2.3.2), which
samples the drain current and digitizes it, and the Data Handling Processor (DHP) (cf.
section 2.3.2), which is mainly responsible for zero suppression.

Switcher DCD DHP Thick silicon

Kapton cable

Figure 2.10.: Schematic of a half ladder (module) of the PXD. The Kapton cable is trun-
cated in the drawing.

The PXD is placed close to the beam pipe, only 1.4 ¢m (2.2 ¢m) separates the inner (outer)
layer from the interaction point. This will result in good vertexing but considerable radiation
damage has to be taken into account. Chapter 4 is dedicated to the impact of radiation on
semiconductor devices, while section 2.4 deals with the various radiation sources the PXD
will have to face.

2.3.1. Layout

The PXD is organized in two layers surrounding the beam pipe. A short overview of its
parameters is presented in table 2.1. Two of the abovementioned modules are glued together
via ceramic inlays so that they form a complete ladder. Each half of them is read out at the
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end of the active area (end-of-stave) located outside the acceptance region.

Inner Layer Outer Layer
# Ladders 8 12
Sens. Length 90 mm 123 mm
Radius 1.4 cm 2.2 cm
Appr. Pixel Size 50x50 pm? 50x75 pm?
# Pixels 1536(z) x 250(R — @) | 1536(z) x 250(R — )
Thickness 75 um 75 um
Frame/Row Rate 50 kHz/10 MHz 50 kHz/10 MHz

Table 2.1.: Properties of the PXD.

2.3.2. Electronics
Switcher

On each half ladder several switcher chips are mounted at the thick balconies. The task for
them is twofold: First, to switch between the on- and the off-state of the DEPFET. This is
performed via switching between two voltages for the DEPFET gate. Second, the Switcher
performs a clear operation of the DEPFET also via switching between two voltages, thus a
clear pulse is applied.

The mode of operation is realized in a rolling shutter mode for switching on rows of the
DEPFET matrix. Due to the module design four rows are switched on and read out at the
same time, while the rest of the DEPFET matrix is in the off state. The Switcher delivers
fast voltage pulses up to a ~ 20 V difference between gate on/off (clear low/high). The
short pulse of the clear is capacitively coupled to the clear gate, thus facilitating the clear
process.

DCD

The DCD samples the drain current with the use of an 8-bit Analog-to-Digital Converter
(ADC). In addition to the resolution of the ADC, a global current sink removes the constant
part of the drain current from the DEPFETSs. This makes it possible to max out the available
ADC range for the signal. An individual 2-bit current source for each of the 256 channels
is available to take static pedestal fluctuations of the current into account, which e.g. can
originate from the device spread due to production or inhomogeneous irradiation (cf. section
10.2 for a more in-depth discussion of inhomogeneous irradiation and DCD properties).

DHP

Data handling of the digital domain is the task of the DHP. It is responsible for the correction
of pedestal fluctuations and common mode noise. Additionally it reduces the amount of
data via zero suppression of non-hit pixels/clusters and assigns time stamps to the event.
Transmitting is done via kapton cables on a trigger request.

Moreover, the DHP handles slow control signals for the DCD and the Switchers.
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2.4. Radiation Background at Belle Il

The DEPFET gets irradiated during the operation of Belle IT by various kinds of radiation.
In the following the main components contributing to the background are pointed out and
are reviewed closely. The estimation of radiation levels was done as a collaboration effort
and is still under investigation. At the moment considerable inhomogeneous radiation along
z is expected. Due to the fact that the simulations are still ongoing definite numbers cannot
be stated. However, present simulation results indicate a similar situation to Belle. Section
10.2 will have a closer look on this issue.

2.4.1. Touschek Effect

The Touschek effect is a kind of intra beam scattering [21], but whereas normal scattering
just leads to an diffusion of the beam profile, the Touschek effect is a single scattering event
between the transverse momentum p, of two particles and the longitudinal direction ps (see
picture 2.11).

Ax

collision

'S - >,

Figure 2.11.: Sketch of particles flowing along the beam line (after [22]). In one bunch a col-
lision between two particles takes place.

XA\ -p, XA -p,
\ Py =P/ \ P, =-vp,
~ ~
5~ s e~ s
P =P \ Py = VP, \
P, Py
center of mass laboratory

Figure 2.12.: Collision of two particles, left side in the rest frame, right side in the labora-
tory frame (after [22]). In general, after the collision the particles will have a momentum in
both directions. In the laboratory frame the longitudinal momentum is enhanced by ~.

By Lorentz transformation after the scattering event one particle is enhanced by the
relativistic factor v and the other one is slowed down (see second picture 2.12). This leads
to the loss of these two particles since such high momentum alterations cannot fit into the
acceleration structure (cavities, focusing magnets, etc.) anymore. The loss rate of particles
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is
N

RTouschek: X Efgo" (227)

where F is the energy, N the number of particles in a bunch and ¢ the beam size [23]. Since
the LER exhibits a small beam energy of 4 GeV and nano beam optics will result in a small
beam size with a high density of particles, the Touschek effect cannot be neglected in Belle
II.

The loss happens everywhere along the beam line but especially near points where the bunch
densities are increased and more scattering events are probable. Near the interaction region
the scattered electrons or leptons contribute to the radiation background and, of course, can
create fake events.

2.4.2. Four-Fermion Final State Radiation

The dominant background process is the four-fermion final state radiation. In this process,
see e.g. figure 2.13 for one of the dominating diagrams, the crossing electrons and positrons
both emit a photon, which leads in the end to a four-fermion final state. Since the mass of
electrons is considerably lower than that of muons, the resulting final state will most likely
consist of two electrons and two positrons. The background has a cross-section of O(107 pb)

e+

Figure 2.13.: Feynman diagram of the dominant four-fermion final state radiation.

and with increasing luminosity the background will increase as well.

The simulation of this background is found in detail in [24], whereas in this section only a
brief summary will be stated. The energy distribution and dose estimates for the PXD are
complicated due to the processes which take place after the Quantum electrodynamic (QED)
generation of additional fermions. To estimate the impact of the process, the detector geom-
etry (PXD as well as Belle IT) has been simulated referring to a design as close as possible
to the final one.

The energy distributions of electron/positron pairs hitting the PXD is determined by the
QED process and the magnetic field of Belle II. In fact it can happen that particles cross
the PXD multiple times (curlers) and deposit increasingly more energy into the semicon-
ductor. Also, the magnetic field reduces the amount of particles for the second layer of the
PXD, which then is less affected by this radiation background. The energy distribution of
electrons/positrons reaching the PXD is shown in figure 2.14 and 2.15.

The simulation of the background was done using the Monte Carlo (MC) generators Koral W
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[25] and Berends, Daverveldt, Kleiss (BDK) [26]. Both generators describe the physics very
well at low energies, yet at higher energies BDK proved to be more accurate [27] and in

accordance with measurements at Belle.
A short summary is given by table 2.2 for the two layers, with the timescale of a Snowmass
year (smy) = 107 s at full luminosity £ = 8-103°em =251, In this way one smy corresponds

to an integrated luminosity of 8 ab™!.

Layer Fluence (eTe™/(smy em?)) Fluence (ete™/(ab~! em?)) Avg. En. (MeV)

1 4.1013 51012 4
2 2.1013 2.5-1012 6

Table 2.2.: Electron/positron flux and energy from four-fermion final state radiation in the
PXD, given for a smy at full luminosity.
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Figure 2.14.: Energy spectrum of electrons and positrons crossing the first layer of the PXD.
The amount of four-fermion final state radiation is indicated by the item BDK (two photon) in
blue. For comparison other background sources are listed as well. RBB contributes as well as
Touschek from the LER, while the HER can be neglected. The mean energy for the first layer
is 4 MeV. Courtesy of Moll [24].

2.4.3. Radiative Bhabha and Neutron Flux

Neutrons as source of radiation damage for the DEPFET/PXD originate from Radiative
Bhabha (RBB) scattering near the interaction point. Losing energy in the beam does not
only imply a loss of particles for the accelerator, but especially near the the detector a
backscattering can take place. The scattered e~ (or e') can hit heavy materials (e.g. a
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Figure 2.15.: Energy spectrum of electrons and positrons crossing the second layer of the
PXD, with a mean energy of ~ 6 MeV due to curlers. The amount of four-fermion final state
radiation is indicated by the item BDK (two photon) in blue. For comparison other back-
ground sources are listed as well. RBB contributions, as well as Touschek contribute only to
a small amount to the distribution. Beam-gas events can be neglected. Courtesy of Moll [2/].
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quenching magnet) on its way downstream under a flat angle. From this scattering event
a neutron shower is generated and some fraction of it is backscattered into the detector.
Simulations of this process show only a small neutron fluence due to the flat angle for the
PXD and the damage due to this source of background can be neglected [28].

In total a (pure) neutron fluence of ®, ~ 8- 10 cm=2smy~!, i.e. ®, ~ 10'° 1/(cm?ab™1),
for the PXD can be expected [29]°.

2.4.4. Synchrotron Radiation

Synchrotron Radiation (SR) is inevitable in a circular accelerator structure. However with
the design of the Interaction Region (IR) the impact of SR can be minimized. At the moment
simulations on this issue are ongoing and no final result has been presented yet. Current
investigations show that only one module is affected by SR, whereas an average occupancy
of 0.14 £ 0.02 % was found for the PXD [30].

This number has to be compared to the occupancy, which arises from the 4-fermion final
state radiation of ~ 0.8% in the first layer. At present it is expected that SR will contribute
to the radiation dose only with a marginal increase.

2.4.5. Summary

The various background processes affect the PXD in several ways. With the exception of
pure neutrons traversing the detector, each other process will induce surface damage in the
DEPFET (cf. section 4.2). Neutrons and especially the traversing electrons and positrons
will affect the behavior of the DEPFET bulk (cf. section 4.1). Table 2.3 shows a summary
of the expected radiation damage.

Background Type Influence Occ. L1 Occ. L2 Dose rate L1 Dose rate L2 Neutr. L1 Neutr. L2
kGy/ab— ! kGy/ab— ! n/(ab”tem?) n/(ab”tem?)

Touschek (LER) Surface/Bulk 0.10% 0.07% 0.25 0.125

4-Fermion Surface/Bulk 0.80% 0.20% 2.25 0.5625 5.00E10 2.50E10

Rhad. Bha-Bha (Surface)/Bulk 0.03% 0.01% <0.125 <0.125

Synchrotron Surface 0.40% 0.05%

Neutrons (all Sources) Bulk - - - - 1.00E10 1.00E10

Table 2.3.: Overview of the influence of the various background radiation processes. Occu-
pancy, dose rate and neutron levels are referred to layer 1 (L1) and layer 2 (L2) of the PXD.

8smy is referred to full luminosity
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Chapter 3.
Semiconductor Physics and Devices

The radiation damage in Belle II will alter the characteristics of the DEPFET. Therefore
this device is briefly explained which is followed by a more thorough discussion of the devices
and physics on which the DEPFET is based upon.

The MOS interface is of basic importance since all surface damage effects induced by
radiation manifest in this region. The simple yet powerful device is the Metal-Oxide-
Semiconductor Capacitor (MOSCAP) whose working principle most of the devices in this
study depend on.

The discussion is followed by a review of the Metal-Oxide-Semiconductor Field Effect Tran-
sistor (MOSFET). This device is used in this work to study effects which will occur in the
DEPFETSs due to the radiation environment of Belle II. Subsequently the DEPFET and its
properties are presented in more detail.

The chapter is closed with a discussion on Gate Controlled Diodes (GCDs), which are used
as a diagnose device for the extraction of interface trap density.

3.1. Introduction to the DEPFET

The DEPFET was proposed by Kemmer and Lutz in [31] and a first working device was
presented in [32]. Since the DEPFET is the sensor of choice for the PXD in Belle II, its
properties are explained here shortly, while the device is revisited in section 3.4 for a closer
look at its characteristics.

The working principle of a DEPFET is based on a MOSFET combined with a charge stor-
age mechanism. Ionizing radiation generates electron-hole pairs (ehps) in the bulk of the
DEPFET, illustrated in figure 3.1. The voltages, applied at the various contacts of the
DEPFET, lead to a drift of those charge carriers. Holes are removed via the backside,
whereas electrons drift to the charge storage. This charge storage is called internal gate and
is realized by an additional n implantation below the channel of the topside MOSFET.
There the stored charge acts upon the current which is flowing in the transistor. By in-
creasing this current from I; to Io they make a signal, which is proportional to the energy
deposition of the ionizing radiation, visible. A clear mechanism takes care of removing those
electrons from the internal gate. After removal the current value is back to its nominal value.
A read-out is then usually done in the following way:

1. Sample drain current with some amount of charge in the internal gate I5.
2. Remove stored charge via the clear process.

3. Sample drain current with empty internal gate Ip!.

'In Belle II a slightly different read-out scheme is utilized. Pedestal currents are stored digitally and only a
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MOSFET

Charge storage
T (internal gate)
©

T

5 electrons

lonizing particle

n Bulk

Figure 3.1.: Working principle (charge collection) of a DEPFET. An ionizing particle gener-
ates ehps, holes drift to the backside and electrons to the charge storage.

4. Calculate signal current Iy = I — I3.

As aforementioned, the DEPFET is based upon a MOSFET structure. Thus, a closer look
on this underlying device (section 3.3) together with the physics of the MOSCAP (section
3.2) is necessary.

3.2. Metal-Oxide-Semiconductor Capacitor

The MOS capacitor is a striking device for many applications concerning the qualification
of semiconductor production processes. The simplicity of this device is the key to various
kinds of analysis. All other MOS devices are based on its physics.

In this work its use as a device is restricted to the qualification of the insulating layer
and modifications therein induced by radiation damage. Therefore a brief description of
the working principle is given in this section, while experimental techniques are presented
in section 6.1.1. A comprehensive discussion on both topics can be found in the work of
Nicollian and Brews [33].

3.2.1. Design of a MOS Capacitor

In principle, the device can be considered as a plate capacitor. A schematic representation
is given in figure 3.2. The device consists of a conducting plate which is called gate and is
usually fabricated either with aluminum or doped polycrystalline silicon. The other electrode
of the capacitor is the silicon bulk itself, which can be doped in various concentrations.

An insulating layer separates these two electrodes and due to the dielectric nature of the
insulation, a plate capacitor is formed. Generally, this structure is known as a Metal-
Insulator-Semiconductor (MIS) capacitor.

For the devices examined in this work, the insulating layer was made of silicon dioxide in

single sampling takes place.
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3.2. Metal-Oxide-Semiconductor Capacitor

combination with a thin layer of silicon nitride. For this double insulating layer the term
oxide is used synonymously.

Electrical connection

Silicon dioxide

Silicon

l

Figure 3.2.: Schematic illustration of a MOS capacitor. The insulation is realized by an
S04 layer. Often this is a two layer composition of Si0O5 and SizN,. The gate area is large
in comparison to that of a MOSFET, when used as a diagnose device.

3.2.2. Ideal MIS/MOS Capacitor

In figure 3.3a a basic energy band representation of a MIS system is given. As the insulator
blocks the current flow, the Fermi potentials in the semiconductor and in the metal do not
need to be the same.

DEPFETSs are produced on an n-doped silicon bulk, therefore the following discussion is
limited to this doping. Highly n-doped polysilicon exhibits similar characteristics as alu-
minum, thus the aluminum gate can be replaced with a polysilicon layer of appropriate
doping. Polysilicon has certain advantages during production which makes it the preferred
technology for transistor gates. However, contacts for bond wires or the routing on the chip
are done in aluminum.

The use of polysilicon might result in slightly different band bending since the work function
depends on the doping concentration. Band bending due to a metal gate, i.e. aluminum,
can be seen in figure 3.3b, where the work function q®4; = 4.2 eV of aluminum causes
this effect. Figure 3.3a shows an energy band representation in which work functions and
electron affinity are perfectly aligned.

By applying a voltage to the gate contact (and setting the silicon as grounding), the charge

carrier density at the interface silicon/insulator can be controlled. The amount of charge
carriers depends on the doping of the silicon adjacent to the insulator. In the subsequent
paragraphs an n-doping is assumed.
If the voltage is positive enough, electrons drift to the surface and accumulate there. This
accumulation case can also be visualized in the band diagram, see e.g. figure 3.4a. The
Fermi level remains constant, which results in a band bending of the surface edge of the
conduction band and, due to the fixed bandgap, also of the valence band.

By reducing the gate voltage, a point where no band bending occurs and the charge density
is given by normal doping relations can be reached. This is called the flat-band case.
When lowering the gate voltage further towards more negative values, the electric field repels
the majority carriers from the surface but is still too positive to attract significant minority
charge. The surface is now in depletion (figure 3.4b).

27



Chapter 3. Semiconductor Physics and Devices

28

Vacuum
A
ax;
ad,,
\
Metal Insulator

Vacuum 7y
A
1 09ey| 0.95ev
- _y
A A
1 4.2eV 3.1eV
\
X EF A eV " — _ _ EC
EF
EV
v Ec A
—“Eg/z J — EF
Y aod,
s
4.8 eV
EV
y’ Y
Al Gate  |Oxide;  Silicon
Silicon N

(a) Band diagram of an ideal MIS transition.

The Fermi level in the metal does not coincide
with the one in the semiconductor. A flat-band
case is established by a perfect match of the

electron affinity x and the work function ®.

(b) Band diagram of a typ-
ical MOS system. Due to the work-function of
aluminum of 4.2 eV the Fermi levels are nearly
the same and only little band bending occurs.

Figure 3.3.: Energy band diagrams of MIS/MOS systems.
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Figure 3.4.: Energy band diagrams for MOS capacitors in several states. A variable gate
voltage Vg alters the band bending of the n-doped silicon.
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Eventually, the voltage is negative enough to attract minority carriers. The surface is now
inverted (3.4c) with holes.

3.2.3. Surface Space-Charge Region
Energy-Band Representation of a MOS Capacitor

As a consequence of the capacitive coupling from the silicon to the gate electrode, the band
bending depends on the applied voltage. Having a closer look at the surface (figure 3.5),
the band bending, which influences the electron and hole density, can be described with a
potential

U(p) = — -~ (3.1)

where ¢ is the elementary charge and Ej; is the intrinsic energy level ([34]). At the surface,
this potential assumes the value ¥(0) = Ug.
The potential ® in the system is defined as the distance to the Fermi potential Er

q®(z) = Ep — Ei(z), (3.2)

where far away from the surface the bulk potential ®(oc0) = ®p is found. The bulk potential
®p > 0 is given (with the Boltzmann constant kp, the temperature 7" and the intrinsic
carrier density n;) by

®p5 = kpTIn (ND> (3.3)

n;
and is located above the intrinsic level E; for slightly n-doped wafers with doping concen-
tration Np.

Insulator Silicon

qu,

47
-—
o)
<
=
3
=

Figure 3.5.: Illustration of the energy levels of MOS capacitor. A positive voltage on the
gate leads to an energy-band bending at the surface of ¥g. Farther away from the surface the
potential ¥(z) reduces to zero. Wp denotes the maximum depletion width, when the surface
potential is in the range —®p < ¥g < 0.

The sign convention from Nicollian and Brews [33] is used throughout this work. This
means electron energy increases in the up direction, and an arrow in a band diagram pointing
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up denotes negative potential.

With the help of ¥, the cases given in figure 3.4 can be distinguished more clearly.

In accumulation, the bands are bent down, the arrow of ¥ also points in this direction,
therefore:

1. ¥g > 0 accumulation.

2. Ug = 0 flat-band condition.

3. —®p < ¥g < 0 depletion.

4. —20p < ¥g < —Pp weak inversion.

5. g < —2Pp strong inversion.

External Voltage and Gate Capacitance

When applying a voltage Vi to the gate contact, this voltage divides into two parts. The
first one V; appears over the sheet capacitance of the insulator C;, whereas the second part
is responsible for the band bending.

Vo =V;+ Ug (3.4)
with V; determined by the electric field & and the thickness of the insulator d

Qsld  |Qs

‘/;: Zd: )
8 €; CZ

(3.5)

where Qg is the charge per unit area on the capacitor and €;(= €,€p) is the permittivity of
the insulator, composed of the vacuum permittivity ¢y and the material dependent relative
permittivity e,.
Depending on the applied voltage, the counter electrode of the system may change. A way of
understanding this effect is visualizing the capacitor as a series combination of two capacitors
(see e.g. figure 3.6), where
~ CiCp
- Ci+Cp

is the total sheet capacitance and Cp the voltage dependent depletion-layer capacitance.

(3.6)

Figure 3.6.: Electrical representation of the MIS capacitor. The insulating capacitance C;
remains constant, where on the other hand Cp depends on the surface potential Ug.
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For the following discussion, especially for the extraction of interface trap properties, it is
useful to define dimensionless potentials

u(z) = qg;) (3.7)
and v
(z) = qk;;i) . (3.8)

These quantities are defined analogously to the surface potential with u(0) = us and v(0) =
vs and u(o0) = up and v(co0) = 0.

To find a proper analytical form for the voltage dependent capacitance of the system, it
is necessary to look at the surface charge and its potential. The appropriate relation is
Poisson’s equation

o p(e)
P (3.9)
The charge distribution p(x) in the silicon is given by all charge carriers
p(x) = q[Np — Na + p(x) — n(z)], (3.10)

where p(z) is the hole density and respectively n(x) the electron density. Np and N4 are
donor and acceptor concentrations.

Applying the above constraints ®(co0) = & — p(co) = 0 ensures charge neutrality at the
end of the bulk. With the dimensionless potentials one finds

2
dulx) _ L%(sinhu(x) _ sinhup), (3.11)
D

dx?
ESikBT
Lp= . 3.12
P \/ 2¢°n; ( )

Solving equation 3.11 leads to a rather complicated electric field Fg at the surface. The
derivation of the field is given in many textbooks on semiconductor physics (e.g. in [33] or
[34]). The charge at the surface Qg is then given by Gauss’ law

Qs = es;Fs. (3.13)

The behavior of the charge in the MOS capacitor due to an external voltage (Direct Current
(DC) and Alternating Current (AC)) and therefore the differential capacitance of the system
is elucidated in detail in section 6.1.1 where measuring techniques for MOS capacitors are
discussed.

where Lp is the Debye length

Depletion-Layer Capacitance

For the purpose of determining the electric field in the insulator during depletion the following
considerations are useful. In case of depletion, and also for weak inversion, the surface
potential is in the range of —2®p < Wg < 0. This leads to an easier term for the space-
charge density (e.g. see [34])

Qs ~ \/2e5iqNp¥s = qWpNp, (3.14)
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in which Wp represents the depletion width. In this case, the width as a function of applied
voltage V' is given by

i 2esiV_esi (3.15)

Wn =
P=\ez T gNp G

The depletion capacitance Cp can then be estimated by using the plate capacitor model
again, thus

esigNp  €s;
Cp = = . 3.16
p 2 g Wp (3.16)

3.3. Metal-Oxide-Semiconductor Field Effect Transistor

3.3.1. Introduction

The current-voltage characteristic of a MOSFET relies on the plate capacitor model discussed
in section 3.2. Figure 3.7 shows a cross-section through a MOSFET.

Source

depleted Si TS < o

~ e e e = o= 7 555- |
N oo o e o= o

n-Bulk

Figure 3.7.: Cross-section along the channel of a MOSFET. Depicted are the main contacts
(drain, source and gate) as well as the depleted region if a channel is established, the electric
fields £ and the surface potential Ug.

The gate voltage sets the surface beneath the insulator into the previously discussed charge
cases:

1. accumulation.
2. depletion.
3. inversion.

The discussion in this section is limited to MOSFETs with an n-doped bulk and p-doped
drain and source. However, with the appropriate changes in electric charge and potentials
the characteristics for opposite MOSFETSs can be derived. In addition, instead of a general
sheet capacitance Cj, a more specific insulator, silicon dioxide, with its sheet capacitance
Coy is used.
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During accumulation the transistor is in the off-state and currents are blocked by a pn-
junction either at the drain or at the source side. At the transition between depletion and
inversion a marginal current flows in this subthreshold region, see section 3.3.5 for details.
At inversion, a conducting channel of holes enables a current flow from source to drain.

3.3.2. Current-Voltage Characteristic

In this section the current-voltage characteristic of the MOSFET is presented. Information
on the physics of the MOSFET can be found e.g. in [34] and many other textbooks. The
presented derivation follows [35].

The surface charge density in the channel Q¢ is given according to the charge-sheet model
by the electric fields £o, and Eg;,
Eor€or = Esi€si — Qe (317)

The fields depend on the applied gate potential V7, the bulk voltage Vg, and the flat-band
voltage Vpp (in which different work-functions ®,,s and initial oxide charges are incorpo-
rated), as well as the doping concentration Np. Equation 3.17 can be solved via

Qc = Esiesi — Eox€our (318)
—qN

= |: ZS.DdSiGSi:| - [(VG — Vi — \I’s)/doxeox] (319)

= [—qNpdsi| — (Vo — Vrp — ¥5)Coy] (3.20)

= —[V2qNpesi(Vpur — Vs) + (Vo — Vip — Vs)Cog). (3.21)

In equation 3.21 the depletion depth dg; in silicon is used (cf. also equation 3.38 for a
depletion width originating from an abrupt pn junction).

A voltage Vp at the drain enables a current flow, but introduces an additional electric field
E(y), which is orthogonal to the field in the gate (direction z), in the channel. Figure 3.8
illustrates this issue. Due to the lateral electric field the surface potential depends on the
position in the channel, becoming

Us(y) = Ve(y) — 205, (3.22)

in which V¢ is the channel potential. At the source side (y = 0) the potential is zero and at
the end of the channel it assumes the drain voltage value, thus

Ve(0) =0 (3.23)
Ve(L) = Vp. (3.24)

The current flowing from source to drain Ipg in a MOSFET of gate length L and gate
width W is given by

Ips = —v(y)Qc(y)W (3.25)
= —1p€(Y)Qc(y)W (3.26)
= MpW(g;C - [vV2¢Npesi(Vaur — Ve y) + 225) (3.27)

+ (VG —Vrp — VC(?J) + 2(I)B)Coz]~
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Hereby the drift velocity v(y) depends on the electric field according to
v(y) = e (y), (3.28)

in which a constant hole mobility i, is assumed.

The continuity equation enforces a constant current with respect to y, thus the relation

1 (L
Ips = L/ Ips dy (3.29)
0

holds true. Equation 3.29 leads then to a current of

WY
Ipg = I / [V2qNpesi(Vaur — Vo + 2®p) (3.30)
0

+ (Vo = Vrp — Vo +295)Co]dVe
w V
= —fupcox{ (VG —Vrp +2®p5 — 2D> Vb (3.31)
V2qNpesi
COI

By decreasing the drain voltage, more and more charge of the bulk is depleted at the drain
side, leading to a pinch-off point at the channel (cf. figure 3.8). A further decrease of Vp
beyond the establishing of the pinch-off leads to a spatial shift of the pinch-off towards the
source side. The channel length is hereby reduced to L', but Ipg becomes independent of
Vp in this saturation region.

—9/3 [(VBulk Vb +205)%2 — (Vi + 205)%2] ).

Source (0 V) Drain (V,)

Pinch-off N o o e o -

n-Bulk

Figure 3.8.: Illustration of a MOSFET with Vp at saturation, thus a pinch-off at the drain
occurs. Decreasing Vp further leads to a spatial shift of the pinch-off and depletes the region
near the drain deeper.

The pinch-off condition at this location is equivalent to ¥, = Vp —2® g and “zero” channel
charge, Q¢ = 0. Thus, with equation 3.21 the saturating drain voltage is given by

VDsor = Va — Vip +2®p

qNpes;
C2,

02
+ 1+ \/1 +2 % (VBuk — Vo + Vrp)| - (3.32)

qNpes;
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The discussion of Ipg with respect to a change in Vp is continued in section 3.3.4. Another
aspect of the channel behavior, i.e the threshold voltage, shall be discussed previously.

3.3.3. Threshold Voltage

An important quantity is the threshold voltage V;;, at which the transistor starts to form
a channel. Setting the surface potential in equation 3.21 to g = —2®p (onset of strong
inversion) and the surface charge density in the channel to Q¢ = 0 leads to

1
Cox

Vih = Vip — 2Pp +

V2qNpesi(Vaur, + 2®p). (3.33)

To find the proper current flowing from source to drain, equation 3.32 is inserted into equation
3.31, leading to

w V3
Ip,., = ID(VDsat) = _f,upcox D25at, (3.34)
with a saturation voltage for the drain
VDo = Va — Vin- (3.35)

Hereby, the bulk voltage effects were absorbed into the threshold voltage.

By plotting a \/Ip,,, (V) curve, the threshold voltage can easily be extracted via a fit to
the now linear slope, where the intersection with the voltage axis is Vi, [36].

A major effect of ionizing radiation in MOS devices is the shift of the threshold voltage
towards negative values (cf. section 4.2 for more details). This is due to the fact that positive
charge is accumulated in the SiOs close to the channel. The external gate voltage has to
overcome this charge and depending on the amount of charge @Q),, and the oxide capacitance
C, the shift in voltage is given by?

QOZ‘

AV, = C

. (3.36)

This is one of the crucial radiation damage issues the DEPFET will have to face in the
Belle IT experiment. Shifts due to the accumulated charge can be measured not only with a
MOSFET. MOSCAPs also detect the shift as a change in the flat-band voltage Vrp. Also,
GCDs work as measuring devices because the additional charge manifests as a shift in the
onset of depletion (see section 3.5 for more details).

Further remarks, experiments and results on the issue of oxide trapped charge Q,; are
presented in chapter 7.

3.3.4. Output Characteristics

The output characteristics of a MOSFET indicate the relation between the drain voltage Vp
and the drain-source current Ipg. A typical behavior is illustrated in figure 3.9.

In the linear mode only a moderate voltage is applied at the drain contact; in this thesis
in most cases Vp = —0.5 V. From a small voltage at the gate an inversion layer of holes is

2Here the influence of interface traps and oxide trap distribution in the insulator is neglected.
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A_IDS

G5

G4

G3

G2

Saturation

-VD

Linear
inea -

Figure 3.9.: Sketched output characteristics of a MOSFET. The linear region describes the
fast increase of the drain-source current Ipg at low drain voltages Vp, while the saturation
describes the flat region at higher drain voltages. Ideally, in saturation Ipg should not depend
on VD.

formed. The resulting channel acts as an resistor for the drain-source voltage, which is then,
due to Ohm’s law, visible as the linear increase in the output characteristics.

If the amount of the drain voltage is decreased further, charge carriers are depleted near
the drain region (cf. figure 3.8). Eventually when the charge is near zero a pinch-off of the
channel occurs. This is also visible in the output characteristics as an end of the transition
region (sometimes also called nonlinear region).

An increase of |Vp| further results in a fixed drain-source current, thus saturation is reached.
The pinch-off point moves towards the source end of the channel, ensuring the fixed Ipg.
However, as the effective channel length is shortened hereby a small influence of Vp to Ipg
remains. This behavior may become important when considering short channel effects such
as Drain-Induced Barrier Lowering (DIBL) (cf. section 3.3.5).

3.3.5. Subthreshold Region

Exponential Behavior of Drain Current

Below the threshold of a transistor, the interface is in depletion or in weak inversion. Figure
3.10 shows a cross-section through the source-gate-drain region in thermal equilibrium; the
Fermi potential is steady. A small barrier for holes ¢ flowing from source to drain is induced
at the source.

If now a voltage is applied to the drain (and the gate potential is still negligibly small, figure
3.11), the potential at the drain end is lowered for holes, but they still need to overcome the
barrier ¢ at the source.

This leads to an exponential behavior of the drain current, as it is shown e.g. by [37] and
[34]7

~ Wiy
e

Ip e PV, (3.37)

with the factor g = kBLT. The quantity c is given by dopings and charge concentrations.
A gate voltage will have a direct impact on barrier height, since it influences the surface
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Source Gate Drain

Figure 3.10.: Band diagram of the source-gate-drain (p-n-p) region in thermal equilibrium.

Source Gate

Figure 3.11.: Negative voltage applied at the drain. Once holes have overcome the induced
barrier ¢ at the source they drift to the drain. A voltage at the gate controls this subthresh-
old current additionally by lowering/increasing the barrier ¢ at the source. A strong negative
voltage Vp may influence the barrier height additionally, thus reducing it to ¢'.

potential Wy.

Drain-Induced Barrier Lowering

If the gate length L of the MOSFET is short enough, the potential at the drain end can
influence the barrier height ¢ and reduce it to ¢’ (see e.g. figure 3.11). Lowering the
barrier increases the flow of charge carriers from the source, therefore even in saturation
the drain current depends on the drain voltage Vp. This short-channel effect is known as
Drain-Induced Barrier Lowering (DIBL). The smaller the gate length L, the more influence
the drain voltage exhibits. When increasing the amount of drain voltage further, the two
depletion regions from source and drain may connect and a punch-through is established (cf.
section 3.4.3).

3.4. DEPFET

The DEPFET is a unique device for radiation detection since it combines the amplification
properties of a MOSFET with the charge collection efficiency of a fully depleted bulk. Due
to the fact that the sensor itself exhibits an inherent amplification (cf. section 3.4.3), the
absorption/detection material, i.e. silicon, can be made very thin. In the PXD the DEPFET
is only 75 um thick.

The charge collection mode via the depleted bulk can be done in an off state of the transistor,
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thus leading only to a marginal power dissipation of the device. The bulk depletion is realized
via a sidewards depletion and explained in the following section 3.4.1.

3.4.1. Sidewards Depletion

Having a device with two pn-junctions on both sides and a bulk contact, it it possible to
deplete the bulk from each junction separately. The junction depth dp;, of a single diode
with an abrupt doping profile (in which the dopant concentration of acceptors N4 and donors
Np is simplified with N4 >> Np) is given by

2651'

- QTD(%Z + erev)7 (338)

dpio
in which V4; is the built-in voltage of a diode of the order of ~ 0.5 V and V,., the reverse
biasing potential applied to the diode.
When depleting from both sides, the total bulk thickness can be depleted with a lower (total)
voltage than with just one junction. This concept of sidewards depletion was first introduced
by Gatti and Rehak [38] in 1984 and is essential for the DEPFET. The concept of sidewards
depletion in a DEPFET is illustrated (idealized) in figure 3.12.

Drain (V) Bulk (GND)

L x=0
_Xo
-x=d
/

X

Figure 3.12.: Idealized sidewards depletion in a DEPFET. The bulk is depleted via the
topside p+ regions, i.e. drain/source, and the backside p+ implantation. The bulk is set as
grounding in this example, while it is set to a positive voltage in a real DEPFET.

The shape of the depleted potential is given by Poisson’s equation

Ap— ) (3.39)
€Si
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Following the one-dimensional approach of the MOS capacitor leads to equation

*®  gNp
dz? ey

(3.40)

in which Np is the doping concentration of the depleted bulk. Boundary conditions are set

by

o(0) = V3
o(d) = Vs

where V7 and V5 are the voltages at the top and back side.
With the given boundaries a common solution is found by

1¢gN, — 1¢gN,
ey =180 (i 1

2 €Si d 2 €g;

An illustration of the potential is shown in figure 3.13.

d)-x—i—VL

(3.43)

®(a.u)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
X (a.u.)

0.8

Figure 3.13.: Sidewards depletion potential with three different bulk dopings Np. The volt-
ages V7 and Va2 determine end-points, while Np controls curvature and potential depth (cf.

equation 3.43).

The potential minimum given by %@(m) = 0, is located at

s d, i Vi—Vh
0792 " yNp d

(3.44)

Together with the bulk doping the location of minimum can be shifted via the control
voltages. In the DEPFET a sufficiently negative backside biasing in combination with an

additional doping below the channel forms this minimum for electrons.
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3.4.2. Working Principle

The concept of sidewards depletion in combination with an additional n implantation below
the gate of a MOSFET creates the aforementioned charge storage in section 3.1. This space
charge region (scr) acts upon the holes in the channel similar to the gate of the MOSFET,
thus justifying the name internal gate. Since the charge has to be removed from the internal
gate during operation, the removing clear region has to be placed close by. Figure 3.14
shows a cross-section through a DEPFET pixel cell. Orthogonally to the channel region
(source-gate-drain) the clear and the surrounding clear gate are shown.

amplifier

gate p+ drain

p+ source

clear gate N/
e ——
n+ clear—]

™~ deep n-doping
‘internal gate’

depleteq
N-Si bylk

P+ back Contact

Figure 3.14.: Schematic illustration of a typical DEPFET pixel cell.

The clear exhibits a n+ doping concentration which would make it even more attractive

for electrons than the internal gate, but a p-implantation shields the clear in order to hinder
signal electrons from drifting to the n+ clear contact instead of the internal gate. The clear
gate in combination with this deep p implantation forms a barrier consisting roughly of
Nint.gate/ Mbulk — Pshield — Nelear, Similar to the one shown in figure 3.10. The height of the
barrier can be controlled with the potential on the clear gate.
By applying a sufficiently positive voltage to the clear, a punch-through to the internal gate
is established and the charge therein removed. The layout of the device facilitates the clear
process by capacitively coupling the clear gate to the clear contact, thus temporarily lowering
the barrier for the stored electrons.
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3.4.3. Current-Voltage Characteristic of a DEPFET
DEPFET Equations

One of the key features of the DEPFET is its integrated amplification via the internal gate.
From this scr to neighboring contacts like drain, source and channel a capacitive coupling is
present. Lying close to the channel, the induced charge );,4 therein, being opposite in sign
to the signal charge Qs;q, is given by a fraction f of it, thus ([35])

Qind = stz'g' (3'45)

This effect is similar to a change in the external gate voltage by AV = fQsiq/Cq, with the
gate-channel capacitance
Ca =WLCy,;. (3.46)

The drain current from equation 3.34 is altered with a new saturation voltage for the drain

VDsat = fgz;g + VG - ‘/th (347)

Important parameters for the DEPFET are the overall transconductance g,, and the charge
amplification of the internal gate g4, given by

Olp, . W \/2” ,Upcox
m = s — ___ ox = _— —I 4
g sat aVG’ L MPC VDsat L ( Dsat) (3 8)
dlp.,, W Cos \/ 214
— sat __ — B S _I . 4
qusat aQSig L :upf CG’ VDsat f WL3COI ( Dsat) (3 9)

From these two equations, a simple relationship for g, can be concluded

. L
94 = 9m G (3.50)

Design decisions for DEPFETSs are partly based on the important equation 3.49. Reducing
oxide thickness to improve radiation hardness (cf. section 4.2) results in a loss of g, as the
oxide capacitance is increased. One way to increase the charge amplification is to reduce the
channel length L, thus compensating the loss caused by thinner oxides.

DEPFET Backside Biasing

In a device with two pn-junctions like a bipolar transistor or a DEPFET, it may happen that
the depletion regions of the two junctions begin to touch each other. When applying high
enough negative voltages on the p-sides of a pnp device, each junction starts to grow and
eventually they touch each other leading to a potential punch-through through the structure.
As in the case of field emission, the charge carriers have to overcome a barrier. The situation
is similar to the subthreshold region of a MOSFET (cf. section 3.3.5), where holes drift to
the drain contact once they have overcome the barrier height .

In order to establish a drift field in the bulk of the DEPFET a sufficiently negative potential
on the backside has to be applied. Since the backside is on the thinned silicon part of the
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module with only 75 um thickness and therefore very brittle, applying a bond wire would be
a risky operation. In addition, for such an application a metalization of the backside would
be needed.

Instead the DEPFET technology uses the punch-through effect. A p+ contact is placed at
the surface (figure 5.8), outside the DEPFET region. A sufficiently high negative voltage
(e.g. —60 V) is applied at the top side and punches through the bulk reaching the back
side. There the overall p+ backside implantation forms a conductive layer from which the
depletion of the remaining bulk originates. Further information can be found e.g. in [39].

DEPFET Read-Out

The DEPFETSs are organized in the way of a matrix. The Switcher (section 2.3.2) switches
clear and gate voltages. Table 3.1 shows more details about these voltages.

Notation Typical value (V) Description

Clear 14...18 Used for charge removing
5{6{”« 4 Used during charge collection
Vgi{e 2 Used during charge collection
Cate -9...-3 Used during read-out and clear process

Table 3.1.: Voltages applied at the DEPFET matrix via Switchers. The detailed voltage de-
pends on the layout of the DEPFET.

The read-out works in a rolling shutter mode due to the Switcher. Hereby one row is
enabled and the drain current of that row is transported parallelly (columns) to the DCD
where the current is sampled. After that, a clear process takes place. In Belle II the next row
is enabled and the process starts again. This sample-clear process is called single sampling
since the subtraction of stored baseline currents is performed in the digital domain of the
PXD.

Usually, when time is not of the essence a second sampling for the baseline current is per-
formed after the clear. The resulting sample-clear-sample process (cf. section 3.1) is called
Correlated Double Sampling (CDS).

3.5. Gate Controlled Diode

A GCD is used to investigate the quality of the Si/SiO2 interface. It is built in such a way
that it measures the current which is generated from interface traps (cf. section 4.2.1). Such
a “current” is also generated in the DEPFET beneath the clear gate as it is operated in
depletion. Since nearly all electrons present in the bulk of the DEPFET will drift to the
internal gate, the surface generated electrons and their noise will also be observed in addition
to a signal charge.

Therefore GCDs offer a relatively fast and easy way to determine this quality. However, a
disadvantage of this device and its measuring procedure is that, unlike in MOS capacitors
(cf. section 3.2 and section 6.1), the interface trap distribution as a function of energy in
the bandgap cannot be extracted.
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3.5.1. Layout

GCDs fabricated in the Halbleiterlabor der Max-Planck-Gesellschaft (HLL) exist in several
configurations, but they all are based on the following design scheme:

On the slightly n-doped wafer a boron implantation is made in such a way that the p-doped
region (denoted as p+) has the form of a tree (e.g. see figure 3.15 and figure 3.17, where
the branches are depicted). There is a gate structure between the branches of the p-region.
Gate and p+ are in the middle of the device. The gate controls the MOS interface from
inversion to accumulation. The p+ contact is kept at a fix reverse potential, measuring the
total current flowing through the device.

The whole device is surrounded by an additional diode, the p+ outer ring. The negative
voltage on this contact inhibits leakage current originating from the outside of the gate area
or from the rest of the Device Under Test (DUT), see e.g. figure 7.3.

This is combined with a guard ring, which is set to accumulation so that interface traps are
saturated under this MOS contact. This way it is ensured that the measured contents are
effectively reduced to the region defined by the inner diode and the gate structure.

A typical layout of a gate controlled diode can be seen in figure 3.15.

|- p+ outer ring
— Guard gate

— p+ contact

— Gate

AL NIMIhIIN

%

Figure 3.15.: Schematic layout of a typical gate controlled diode at the HLL. The gates are
realized as horizontal ribbons in the middle. The p+ contact runs from the top bar along a
vertical one until it widens at the bottom again, contact is done by a bond wire to the top
nose. Guard gate surrounds the GCD and p+ outer ring shields the device from outside leak-
age currents.

There are several types of gate controlled diodes on the wafers for the Thin-Oxide (TO)
Project. One characteristic is the structure of the polysilicon layer. It comes in two varieties,
a fine ribbed version with a bar and gap thickness of 6 yum and a thicker version with width
of 93 um and a gap of 7 um. However, for the calculation of the gate area, it is necessary
to take the effect of under etching and under diffusion into account. This leads to a size
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Depletion

Accumulation

Figure 3.16.: Typical current of a gate controlled diode. The gate voltage controls the situa-
tion of the interface (accumulation, depletion, inversion).

reduction of 0.75 pum at each polysilicon edge.
The important gate area and other parameters are listed in table 3.2 and table D.1.

p+ strip width ~ Gate strip width Gate area  Gate area (corr.)

Type (pum) (pum) (em?) (em?)
Fine 6 6 4.589-1072 4.055 - 102
Coarse 7 93 8.128-102 8.055 - 102

Table 3.2.: Design properties of GCDs.

3.5.2. Mode of Operation

The internal p+ strips are constantly biased in reverse mode (with a positive bulk potential
VBuik), therefore they collect all the charge generated in the scr.

Accumulation

Beginning with figure 3.17, the MOS contact is biased into accumulation, hereby attracting
electrons from the bulk, which passivate interface traps. The measured current in the diode
is just the basic current generated in the junction I; (equation 3.56). The origin of this
current is the thermal generation of charge carriers in the scr of the diode. To prevent light-
induced generation the DUT has to be kept in the dark during measuring time.

The scr extends only due to the reverse bias voltage and the built-in potential V3;. The
width is given by equation 3.58. A trend of the current (from accumulation to inversion) is
depicted in figure 3.16.

Depletion

The voltage on the gate strips is operated into depletion (figure 3.18). Formerly attracted
electrons are now forced away from the interface. This results in unpassivated interface
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traps, which now become generation active. The surface generated current Ig contributes
to the normal current I; in addition to the wider (induced) scr, generating Igr;.
The surface current Ig is given by

Is = ¢GAg, (3.51)

with the surface generation rate per area G and the area under the gate Aq.
When assuming a homogeneous distribution of interface traps throughout the forbidden
bandgap, the surface generation rate can be calculated via ([40, p. 804])

dE;
G = o avthD-tn/ —— — (3.52)
nvp 1t on eXp(E]?B]‘El) + O-p eXp(— E]?B’I'EZ)
ovg,mkgT Dyn; (3.53)
=S¢, (3.54)

where o = %\/m is an effective capture cross-section of the capture cross-sections oy, o)
for electrons and holes and Dj; is the average interface trap density. Besides the intrinsic
charge carrier density n; the thermionic velocity vy, also impacts on the capture probability.
With the surface generation velocity

Sg = O’Uthﬂ'kBTDit (355)

equation 3.54 can be written in shorter way.

By measuring the surface generated current Ig, the important figure of merit s, can be
deduced, which is sufficient to evaluate the quality of the interface. However, to compare
the results gained from GCDs with those from MOS capacitors and MOSFETSs, the interface
trap distribution D;; has to be calculated. Section 6.3.1 deals with the arising problem of
the effective capture cross-section.

Inversion

Changing the gate voltage further, the inversion case is reached (figure 3.19). The attracted
holes passivate the generation active interface traps, thus inhibiting Ig. Only the sum of the
junction current I; and the gate induced junction current Igr; can be measured.
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p+ contact Gate l Guard p+ outer ring

[ Buik

Figure 3.17.: Gate controlled diode in accumulation. A positive voltage on the gate en-
sures passivation of interface traps by electrons (black dots). The measured current at the
p+-contact is I; originating from the pn-junction.

p+ contact Gate l Guard p+ outer ring

T gate

7

[ Buik

Figure 3.18.: Gate controlled diode in depletion. The junction of the pn-transition widens
resulting in an increased gate induced current I ;. In addition, as the surface is depleted
from charge carriers, it becomes generation active, increasing the current by Ig.

47



Chapter 3. Semiconductor Physics and Devices

p+ contact Gatel Guard p+ outer ring

T gate

[ Buik

Figure 3.19.: Gate controlled diode in inversion. The surface is passivated by holes, interface
traps do not contribute to the measured current. However, the negative potential keeps the
widened junction, thus Igy; still contributes.
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Basic Equations

Since the intrinsic level is taken as a zero reference, the equations given by [41] can easily
be adapted by switching acceptor type with donor type. There are three important currents
for a gate controlled diode, one of them is the abovementioned Ig for the surface current
during depletion (equation 3.51).

From the junction generated current

_ Wi Ay

Iy (3.56)
Tg,J
and the gate induced current
WaA
I, = Tueae (3.57)
T9.G

two quantities can be extracted. One is the lifetime in the bulk, given by 7, s, the other the
lifetime in the gate region 7, .
The various widths can either be measured or calculated, using

2e5i(VBuik + 2®B)
G, \/ N (3-58)
and
2e5i(VBuik + Vii)
W; = . 3.59
7 \/ 4Np (3.59)

Np is the doping concentration in the bulk and in equation 3.58 Ug = 2®p (equation 3.3)
is used, as it is typical for strong inversion.

3.6. Fabrication and Processing

This section provides a brief review over important aspects of the fabrication of the gate
insulator. In order to produce a DEPFET more than 90 process steps are necessary, thus a
detailed explanation would be beyond the scope of this thesis.

A large part of the radiation damage from which the DEPFET is affected has its origin and
location in this insulating layer. It consists of a moderately thick layer of silicon dioxide on
top of the silicon followed by a thin layer of silicon nitride.

3.6.1. Silicon Dioxide

Silicon dioxide in semiconductor technology is typically used as an insulator. The insulator
is grown on top of the wafer silicon. An appealing picture of silicon dioxide is given in [34],
which explains the chemical constitution of silicon dioxide in the following (ideal) way. On
a single-crystal of silicon (the wafer) exists a thin layer (approximate thickness of one atom
layer) of non-stoichiometric silicon dioxide, followed by strained layer SiOs and then the
remaining strain-free amorphous SiOs.

Si09 can be grown in a thermal oxidation process at elevated temperatures. The two main
processes are described below, whereas matters of radiation hardness of the two can be found
in section 4.2.4.
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Dry Oxidation

The wafer is put into a clean furnace (i.e. a quartz tube). While heating up to ~ 1050 °C
the silicon reacts with the oxygen of the forming gas (a mixture of nitrogen and oxygen) in
the following way

Si+ Oy — Si0s. (3.60)

Typically, the interface Si/Si02 of such a dry oxidation has a very good quality. Due to the
very high temperatures the SiO; is stoichiometric and possesses a high density ([42]).

Wet Oxidation

In this process, steam is passed into the quartz tube and the following reaction takes place
Si—l-QHQO — SZOQ +2H2. (361)

Usually, this process is referred to as wet oxidation. It can be processed at lower tempera-
tures, e.g. at ~ 950 °C' and the oxidation is faster than in the dry case.

3.6.2. Silicon Nitride

Properties

Silicon nitride Si3/Ny is a chemical compound which is used in semiconductor industries for
several reasons:

1. It is a very good diffusion barrier against contaminations such as sodium ions and it
can block even hydrogen.

2. A deep (or buried) barrier for oxygen can be formed. During fabrication of semicon-
ductor devices, an oxidation of a polysilicon layer may be desired. While the oxidation
at the surface takes place, oxygen atoms may diffuse through the polysilicon and an un-
desired oxidation process happens in the polysilicon. This diffusion process is inhibited
by a nitride layer.

3. It acts as an etch mask during fabrication of semiconductor devices. Etchants can act
against the common used Si0- but do not react with Sig/N,.

4. Tt smooths out rough surfaces, which are common when e.g. using polysilicon. Silicon
nitride exhibits a conformal deposition, i.e. the reaction rate is determined by the
offered surface. In this way, dangerously high electric fields, which may lead to isolation
breakdowns, are reduced.

5. It has an influence on radiation hardness (see section 7.1.3 for details).

Considering technological aspects such as diffusion or etching masks, clearly, a moderate
thick nitride layer is favored. However, as SizNy exhibits a large dielectric constant of 7.4
(vs. 3.9 of Si0O3) and the capacitance of the insulation layer affects device performance and
radiation hardness, a compromise has to be found. In addition, even though Sis/N4 acts as
a good etch mask, it is hard to remove such layers in the fabrication process. Thus a thick
nitride layer has also its disadvantages.
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Nitride Deposition

Silicon nitride can be deposited by a wide variety of methods. A common method, and
used for the devices in this work, is Low-Pressure Chemical Vapor Deposition (LPCVD). At
elevated temperatures of 700 °C' — 800 °C dichlorosilane and ammonia lead to a deposition
of SizN, on the wafer by ([43])

3SiHyCly + 4N Hs — SigNy + 6HCl + 6Ho. (3.62)

3.6.3. Interface Trap Annealing

Quite often a silicon atom at the interface Si/Si02 does not find suitable binding partners
for all its electrons and an orbital of the atom is not saturated. These Dangling Bonds (DBs)
can be passivated by applying the wafers to a flow of forming gas (a mixture of nitrogen and
hydrogen) at elevated temperatures. In this way the hydrogen atom reacts with the DB and

passivates it according to
Si- +H — Si— H. (3.63)

This process becomes important when considering the radiation hardness of the oxide layer
in respect to interface traps (see section 4.2.1 for more details).
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Chapter 4.
Radiation Damage in Semiconductor Devices

Radiation damages in semiconductors can be distinguished into two kinds. First, the travers-
ing particle affects the crystal lattice of the semiconductor which leads to defects therein.
Such bulk defects manifest via additional states in the bandgap and, on device level, with a
change of electrical behavior.

Second, ionizing radiation generates ehps in the device. Whereas this effect is desired in
the bulk of a semiconductor device, it is the origin of increased trapped oxide charge and
interface traps in gate insulators.

In this chapter, both effects are discussed as they occur in DEPFET related materials (i.e.
silicon, silicon dioxide and silicon nitride) with an emphasis on oxide damage.

4.1. Bulk Damage

4.1.1. Lattice Distortions

This section gives a short overview of the procedures which take place in the silicon bulk.
The works of Srour et al. [44] and Moll [45] present extensive information in this field.
Briefly outlined, a particle traversing a solid body loses energy both through ionization and
through displacement of atoms in the crystal lattice. Whereas ionization plays a major part
in surface defects (see section 4.2), this section deals with the distortions in the solid.
When an atom in the solid is hit by a traversing particle, this atom is displaced from its orig-
inal site in the crystal and thus leaves a vacancy behind. In addition to the initial particle,
this Primary Knock on Atom (PKA) moves through the crystal lattice, dislocates further
atoms and also loses energy via ionization.

By these mechanisms different kinds of crystal defects are produced, i.e. vacancies and in-
terstitials. If these two are located close to each other they are called Frenkel pairs. At the
end of their paths, the energies of the atoms have been reduced in such a way that defects lie
very close to each other, not only forming Frenkel pairs but instead a dense agglomeration of
point defects, known as clusters. An overview (in tabular form) on various kinds of defects
which can arise in solids is given by Bridges et al. [46].

To dislocate a silicon atom from its lattice site the binding energy in the lattice of E; =~ 25 eV
needs to be overcome. For the formation of a cluster defect an energy of Ey, ~ 5 keV is
needed. However, the momentum of the incoming particle must not be neglected, therefore
electrons, which are the main background in Belle 11, have to have an energy of Ey, > 260 keV
for point defects and Ey, ~ 8 MeV for clusters.

Vacancies are very mobile at room temperature and move through the lattice trying to find
more stable defect configurations such as divacancies. This process of converging to a sta-
ble crystal modification is known as annealing, and takes place with all kinds of defects.
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Movement and defect formation are strongly time and temperature dependent and behave
(simplified) in an Arrhenius way, therefore it is important to keep track of time and temper-
ature.

For experimental usage it is convenient to suppress annealing via cold temperature and per-
form a defined heat cycle in order to compare different DUTs. Typically a heat treatment
of 80 min at 60 °C is chosen, which corresponds to an annealing time of 20 days at room
temperature. Measurement and handling time of the DUT O(h) are then negligible.

4.1.2. Manifestation of Defects

Lattice distortions in silicon devices manifest via additional energy states in the forbidden
bandgap. How visible the defects are on the level of an electric device depends on their
concentration, electron/hole capture cross-section and the location of the energy state in the
bandgap [47].

Three kinds of manifestations can be distinguished:

1. Defects very close to the middle of the bandgap act as generation /recombination center.
This will lead to an increase in thermally generated currents via Shockley-Read-Hall
recombination. The issue of higher leakage currents and resulting noise is presented in
section 5.2.2.

2. Removal/creation of dopants is visible as additional energy states near the band
edges. This can be divided into four parts: acceptor creation/removal and donor
creation/removal. It has been shown that acceptor creation and donor removal are the
dominant processes leading generally to a change in effective doping concentrations and
eventually to an alteration of n-doped silicon into p-doped, known as type inversion.
Section 5.2.1 deals with this issue.

3. Defects can also act as trapping centers for holes and electrons. Thereby they reduce
charge collection efficiency and thus increase noise. In section 5.2.2 the specific punch-
through noise which is introduced by trapping centers is examined closer.

4.1.3. The NIEL Scaling Hypothesis

The effects of bulk damage are similar with all damaging particles - lattice distortions and
ionization. This leads to the question if there is a way to express and scale the damage done
to the bulk just by the type and energy of the incoming particle. The Non Ionizing Energy
Loss (NIEL) hypothesis is based on this assumption.

The idea behind is that the damage is determined by the energy transferred to the atom
and that this damage, or more precisely the displacement damage cross-section D, behaves
linearly with the energy of the particle. In order to compare the damage done by different
particles, D has been normalized to neutrons of 1 MeV energy

D(E, =1 MeV) =95 MeV mb. (4.1)

Taking the NIEL hypothesis to be valid, different fluences of particles ® can be compared
to each other via a hardness factor x to the neutron equivalent fluence ®.,

Doy = k- . (4.2)
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Figure 4.1.: Displacement damage cross-sections, taken from [49].

The hardness factor is determined by the damage related cross-section and the energy spec-
trum ¢(E) of the particle fluence

J D(E)$(E)dE

" D(E, = 1MeV) - [ $(E)dE (43)

Equation 4.3 is sometimes cumbersome to use and/or the spectrum of the particles used for
irradiations is not entirely known. Assuming a monoenergetic spectrum ¢(FE) = ¢od(E — Eyp),

Kk reduces to
D(Ey)

" D(E, = 1MeV)’
Figure 4.1a shows an overview of the damage related cross-sections by various particles.
As mentioned in section 2.4.2, electrons are the main background in Belle IT and due to the

magnetic field of the detector most of them have an energy of ~ 4 MeV in Layer 1 and
about ~ 6 MeV in Layer 2 (cf. table 2.2).

(4.4)

Figure 4.1b is a close-up of electrons and at this energy

D(E. =6 MeV) =0.045 (95MeV mb) (4.5)
can be expected. Using the simplified equation 4.4, a hardness factor k = 0.045 has to be
taken into account.

Irradiation studies on silicon have been undertaken in form of huge collaboration efforts.
Different particles at different energies as well as different doped silicon wafers have been
investigated in order to shed some light in the parameter space which one has to deal with in
this field. The RD50 group! carries the work of the successful ROSE collaboration (RD48,
e.g. [50]) on towards detectors for very high luminosity colliders. However, studies for
the impact of low energy electron irradiation are scarce since in general the investigation

"http://rd50.web.cern.ch/rd50/
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is focused on parameters more relevant for the Large Hadron Collider (LHC). This made
measurements in the Belle II parameter range necessary. Dittongo et al. [51] showed the
measured hardness of electrons at 900 MeV was four times less than expected from simu-
lated data. Also, in [52] are discrepancies shown at ~ 2 MeV.

Measurements of electrons in the relevant energy regime (10 MeV instead of 4 MeV respec-
tively 6 MeV') and on appropriate silicon resistivity are undertaken, as part of the present
work, to clarify this issue. These measurements are presented in section 5.1.

The NIEL scaling hypothesis is a useful tool when developing detectors for harsh radiation
scenarios, however, one has to be careful by depending solely on this hypothesis, as the
abovementioned discrepancies for electrons and for protons in [53] have shown.

4.2. Oxide Damage

4.2.1. Microscopic View on Interface Traps

At the interface between Si and SiOs not every silicon atom finds a binding partner. There-
fore an unused electrical binding reaches to the other side of the interface.

Depending on the oxide production process (see section 3.6.1), SiOq layers of different qual-
ities are built. A good quality oxide is one which exhibits no pinholes and a low density of
interface traps.

These traps originate from the different “lattice constants”~ of silicon and silicon dioxide
[54]. Figure 4.2a shows the silicon lattice cut at the {111} plane. One [sp?]-orbital can
connect to the oxide (not shown) on the other side, whereas the three other orbitals are
positioned to silicon atoms in the lattice. Usually the orientation of a wafer is done at the
{100} plane. A graphical representation is shown in figure 4.2b. Clearly, it is possible that
two orbitals reach out from the interface.

»2

These unsaturated bindings are called Dangling Bonds (DBs) and they can assume the
electrical charge states: —,0,+. Due to this behavior DBs are called amphoteric, because
they can act donor- as well as acceptor-like. DBs are the physical representation of interface
traps.

The DB type described above is called P, and is the main source for interface traps [56].
The microscopic nature of interface traps was first studied by Nishi [57] on {111} silicon,
using Electron Paramagnetic Resonance (EPR).

With silicon, which is cut for the {100} plane, the situation is a bit more complicated, since
it is possible that two different DBs reach out from the interface. These defects are classified
as Py and P,. By applying the EPR technique, Poindexter [58] was able to identify the
defect level Py as the same defect which occurs at the {111} silicon, i.e. Pj.

Later on, the EPR technique was improved and gathering of defect information is now
broadly done with this technique, well described in [59].

With insights into the microscopic nature of interface traps, one can assume the following
model: Tonizing radiation creates electron-hole pairs in silicon dioxide. As holes hop through
the oxide, they release hydrogen ions (see figure 4.5, [60]) from hydrogen containing oxide
defects (D’H) along their path. If water molecules are present at interstitial sites, they con-

Zsince Si0, is of amorphous nature speaking of lattice constants is technically not correct. However, on
short-range order the analogy to a periodical lattice can be used.
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(a) Drawing of the {111} plane. Three orbitals (b) Drawing of the {100}
are connected to neighboring silicon atoms plane. Only two of the orbitals are connected
(green), one orbital remains unsaturated. to the crystal, whereas the other two are free.

Figure 4.2.: Silicon interface and orientation along {111} and {100} direction. Produced
with [55].

tribute to the H™ release [61].

Protons are very mobile and move preferably to the biggest crystal defect, i.e. the interface
between Si and SiO2. However, it is also possible that the proton moves along the interface
due to the energetic barriers of Si or SiOs.

When the HT arrives at the interface, as illustrated in figure 4.3, it can become either di-
rectly trapped at a trap precursor or depassivate a Si — H bond (see e.g. [62, 63]).

These bonds are present in most semiconductor devices. During production DBs are pas-
sivated with forming gas. The therein contained hydrogen bonds to the open binding and
passivates it (cf. section 3.6.3).

Some authors argue (e.g. [64], [60]) that neglecting a hydrogen anneal might be a better
way to increase the radiation hardness. Thereby a formation of additional interface traps
could be prevented. However, Schwank et al. [64] only consider changes in the gate potential
due to interface trap increase AVj;. It well may be that the overall trap density was already
high with devices from a low Hs anneal and the increase in Vj; due to irradiation was
therefor smaller. Devices with a high Hy concentration initially exhibit a low interface trap
concentration, which rises quickly after irradiation leading to a higher AVj;.

The depassivation according to Rashkeev et al. [62] follows

H" + Si— H— Sit + Hs. (4.6)

The dimeric hydrogen moves quickly out of the crystal and the positively charged silicon can
acquire an additional electron from the bulk and forms a DB.

Although other models were proposed, e.g. by Fleetwood et al. [65], the cycling of interface
traps via an electric potential is a strong argument for equation 4.6. Nevertheless, the build-
up of interface traps can be quite complicated and occurs partially retarded. This effects is
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(@) Oxygen (b)

H+
®
Hydrogen

Silicon

(c)

b

D+

Figure 4.3.: Illustration of the formation of the P, interface trap. Protons reach the interface
(a), where they react with the hydrogen from a passivated DB (b). The dimeric hydrogen dif-
fuses out and leaves a charged defect D+ behind (c). This defect then may react further with
electrons from the silicon (after [62]).

known as latent interface trap build-up, and was shown by Fleetwood et al. [65]. The latent
build-up is most probably due to the fact of hydrogen diffusion through the crystal lattice
[66].

The information on interface traps is not yet complete, e.g. Capan et al. [67] show neutron
irradiated MOS capacitors, where a stretch-out of Capacitance-Voltage (CV)-curves and
hence additional interface traps are visible. In addition, they did not find a shift in the CV
curve, however Lenahan and Conley J. F. [59] show an interaction between P, and the oxide
trap E’ (cf. section 4.2.2).

Although EPR can give quite an insight into the nature of interface traps, for most appli-

cations it is sufficient to know where these traps are located energetically in reference to the
silicon bandgap. Most laboratories use capacitance-voltage scans (see section 3.2 and 6.1.1
for details) to determine the interface trap density Dy (E) ([56], [58], [68]).
A convenient way to look at the interface trap distribution is presented by Sze and Ng [34].
As interface traps are of amphoteric nature the distribution can be divided into two groups,
one consists of acceptor states, the other of donor states. This issue is illustrated in figure
4.4.

The combined distribution D;; exhibits a neutral energy level Ey. Up to this level, the
distribution is neutrally charged. If the Fermi level is higher (lower) than Ey a negative
(positive) net charge occurs.
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Figure 4.4.: Composition of the interface trap distribution in the bandgap. Ej is a zero
charge energy level, the total charge is determined by the Fermi level Ep.

4.2.2. Microscopic View on Oxide Traps

When silicon dioxide is exposed to ionizing radiation, ehps are created in the insulator. This
process takes place as long as the energy of the generating radiation is higher than ~ 18 eV/.

Charge Transport

Once electrons and holes are created they start to move in the oxide. This is due to diffusion
and, in most cases, also due to an electric field. Electrons are rather mobile in SiO2 and are
swiftly swept out of the isolator. Holes on the other hand have a mobility several orders of
magnitude lower, i.e. peg,,, = 20 em?/(V - 8) vs. Phsio, =2 10" em?/(V - 5) at 300 K
[69].

The hole transport is to some degree (short-term effect) independent of the applied field [66].
However, an electric field pointing towards the Si/SiO; interface (see figure 4.5) enhances
the movement of holes in this direction (long-term effect).

Due to their electric charge they locally distort the crystal lattice. This combination of
lattice and charge carrier is known as polaron [70]. Because of their interaction with the
lattice, holes move through SiOs via “polaron hopping”.

Charge Yield

Depending on the particle, a more or less dense column of ehps is formed along the trajectory
of the traversing particle. As discussed above, electrons will quickly separate from holes,
however an initial recombination will always take place. If there is no electric field present in
the gate oxide, recombination of a vast amount of the created charge is possible. Therefore
only a small number of holes remain in the oxide, which can then be trapped later on.

The scenario changes in the presence of an electric field. This hinders recombination and
therefore increases the charge yield of holes and electrons by separating them. The number
of “surviving” holes is given by

Ny = f(Eoz)9Dd, (4.7)

where f is the charge yield depending on the electric field in the insulator, g a material
constant defining the initial amount of generated charge pairs (gsio, = 8.1-102em=3rad—1),
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Si
i | e
Gate o9 :
o0 -
+VG

Figure 4.5.: Schematic representation of a MOS energy band diagram with positive potential
at the gate. Ionizing radiation creates ehps. Electrons (white dots) are removed swiftly and
holes (black dots) move via polaron hopping to defect precursors at the interface, releasing
protons on their way.

Protons themselves also move to the interface, where they react with passivated dangling
bonds and form interface traps (after [60]).

D is the dose and d the thickness of the isolator [71]. This idea is revisited later on in section
9.2 in which a model for the observed radiation damage is proposed.

Oxide Traps

Generated holes can be trapped at defect sites near the Si/Si0Os interface. Lenahan and
Dressendorfer [72] investigated the microscopic nature of radiation induced trapped charge
in their work. Via CV-measurements they determined the trapped charge and with EPR3
measurements they estimated the concentration of a trivalent silicon defect, designated as
E’%. The concentration of both measurements harmonized well, and it is now agreed that in
fact E’ centers are identical to the trapped charge.

Later on their work was refined, e.g. by [73], who broke down the E’ center into £’ and Ej.
Yet, all defects are based on an oxygen vacancy in the oxide and excess oxygen interstitials
in the underlying silicon. These vacancies tend to be formed via out diffusion of oxygen from
the Si0s into the underlying silicon.

Figure 4.6a shows a representation of the short-range order of the silicon dioxide and figure
4.6b zooms in on two silicon atoms. These figures illustrate how it may happen that at the
stressed interface the bridging oxygen atom is missing and an electron binding from Si to
S1 is established. This is the classical precursor of the E’ defect, and due to its origin in the
crystal lattice it is highly dependent on processing and fabrication.

If there is a hole in the vicinity of the stressed binding between these two silicon atoms, it
may happen that the binding gets broken. One of the silicon atoms is then neutrally charged
and has an unsaturated [sp?]-oribtal, whereas the other atom is positively charged (figure

3sometimes also called Electron Spin Resonance (ESR)
“a short overview on defect-labeling is given in [46]
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(a) Schematic rep-
resentation of silicon dioxide
(8 quartz (Hexagonal P62
22), produced with [55]).
Although the silicon diox-
ide is amorphous, in short-
range order this tetrahedron
structure can be realized.

Oxygen vacancy

Si— Si+h— Sit + Si.

Oxygen

Silicon

(b) Closer look at
the binding between two sil-
icon atoms (red). At the in-
terface the bridging oxygen
atom (blue) may have dif-
fused out of the oxide and
the precursor for E’ (i.e.
oxygen vacancy) is formed.

4.2. Oxide Damage

(4.8)

ooy €

(c) E' defect.
The above silicon atom is
neutral and has an unpaired
orbital, the silicon atom
below is positive and has
relaxed chemical bindings.

Figure 4.6.: Silicon dioxide and E’ defect at the interface.

4.2.3. Influence of Oxide Thickness

The damage done in the gate insulator origins in principle from deposited energy in the
silicon dioxide. This energy creates additional charge in the insulator, which is proportional
to the dose.

The absorbed dose is given for photons via the Beer-Lambert law

Dgps x (1 — e_”d), (4.9)
where p is a material absorption constant and d is the thickness of the oxide. For small
values of d, equation 4.9 is linear in d.

Other radiation sources, i.e. ionizing particles, lose energy in the small layer of SiOs also
linear with the thickness d.

As described in section 4.2.2, one of the manifestations of trapped oxide charge is the thresh-
old voltage shift AV}, given by the additional charge Q,, and the capacitance C of the gate.
The abovementioned mechanisms lead to a quadratic thickness dependence of the threshold
voltage shift, first from the amount of trapped charge, and second from the thickness depen-
dent capacitance

AQoq
C

AVy, = o d?. (4.10)
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As one can see in [74], the quadratic dependence is realized up to a minimum of d ~ 20 nm.
The shift in flat-band voltage deviates progressively below this value. It is assumed that
electrons tunnel from the silicon into the oxide, neutralizing the trapped charge. The tunnel
probability increases fast, and the shift nearly drops to zero for very thin gate oxides O(nm).
In modern MOS technology, gate oxides are made in this order of magnitude to comply with
the scaling rules of ongoing miniaturization, resulting in oxides which are intrinsically radi-
ation hard.

However, the quadratic dependence relies on several assumptions, e.g. a uniform generation
of charge within the oxide, which is likely true for positive fields from the gate electrode to
the interface, whereas zero fields tend to show a linear behavior in AV}, [75].

Also, assuming trapping centers located directly at the interface may lead to a simple capac-
itance model, which can be sufficient, however taking other trap configurations in the oxide
into account can also lead to a more linear behavior, such as found in [76].

Already at the beginning of design considerations of DEPFETSs for Belle II, it was clear
that thick oxides, which were used e.g. for the production run PXD 5, would never meet
the requirements necessary for a radiation harsh environment. The question on a maximum
tolerable shift in threshold voltage is difficult to answer. A hard limit is set by the Switcher
(cf. section 3.4.3), which can handle ~ 20 V' between gate and clear, thus a crucial quantity
is the difference between V&2, and V&L, [77, 78].

Another critical constraint is given by the difference in gate to clear gate voltage. Those two
voltages are routed on top of each other on the final chip and are isolated to each other by
a layer of SiOs. If the difference is too high, a break-down can occur, rendering parts of the
module useless. However, at the moment a definite voltage on the final devices cannot be
given. Yet from previous productions it is known that a voltage difference of ~ 20 V' should
not be exceeded.

In [75] some DUTs were measured which exhibited thinner oxides. A first high dose irradia-
tion was carried out, shown in figure 4.7, and led to the confirmation that thinner oxides in
combination with a nitride layer are very promising. A specific production run with emphasis
on insulator parameters variations became necessary.

4.2.4. Radiation Hardness of Wet and Dry Oxide

This section deals with questions mostly concerning oxide trapped charge and their techno-
logical dependence. A short overview of production issues is given in section 3.6.1.
Radiation hardness of a device depends on many parameters. One of the production de-
pendent questions is whether to use dry or wet oxides for fabrication. The precursor of
oxide trapped charge is in most cases an oxygen vacancy at the interface. Clearly, the more
precursors are at the interface the more likely it is that generated charge in the oxide will be
trapped therein. Thus, reducing the amount of precursors is a good way of hardening the
oxide.

In [79] a systematical study was undertaken for finding relevant process parameters. The
work focused, amongst other issues, on the question of dry and wet oxidation. Aubuchon
[79] showed that for a irradiation dose of 1 Mrad(Si) with °Co and negative gate biasing,
a dry oxidation leads to smaller shifts in Vpp than wet oxidation.

Process dependent radiation hardness was also found in the work of [72], where five differently
processed MOS capacitors were exposed to 10 Mrad. With +20 V' at the gate electrode, a
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Figure 4.7.: Shift in flat-band voltage from a high frequency CV-measurement. The DUT
was taken from the production run DIO-818B (see also table C.1 for an overview of all
MOSCAP DUTSs). The last measurement point is a bit lower than the previous one, this is
due to a short amount of room temperature annealing (= h) after the irradiation.

difference of factor four in the E’-concentration (which is in principal oxide trapped charge)
could be extracted.

The work of Schwank and Fleetwood [80] investigated process dependent radiation hard-
ness further and emphasized on post-oxidation annealing temperatures of MOS capacitors.
They showed a relaxed scenario for oxide trapped charge with T,,near < 875 °C'. For higher
temperatures, a fast increase in AVrp was found and attributed to the grain size of the
polycrystalline gate electrode. However, the temperature in the fabrication process is sub-
ject to several restrictions.

The diffusion of oxygen from the SiO2 layer into the silicon is clearly influenced by temper-
ature (cf. section 4.2.2), thus the higher the temperature the more E’ precursors are likely
to be present. Wet oxidation is usually performed at lower temperatures, which may lead to
better radiation hard oxides. E.g. wet oxidation in this work contained anneal temperatures
of = 950 °C and in case of radiation hardness a reduction would have been favored.

4.2.5. Gate Length Dependent Radiation Damage

A closer look on device parameters reveals a connection between the amount of threshold
voltage shift AV}, vs. dose and gate length/size. Figure 4.8 exemplary shows that for a
smaller gate length L the threshold voltage shift is less in comparison to the shift in those
transistors with longer gates. The effect visible here is increased when looking at 1}, values
which were extracted in the saturation mode of the MOSFET. The data in figures 4.8 and
4.9 was estimated in the linear region, ensuring that short-channel effects such as DIBL do
not manifest.

However, the connection between gate length L and the amount of AV, (D) is not as present
in each device as it is e.g. in L04 (figure 4.8). There are devices which exhibit a turnaround

63



Chapter 4. Radiation Damage in Semiconductor Devices

in this issue. Table 4.1 shows an overview of the devices from the TO project. For doses
higher than this turnaround value smaller gate lengths tend to be nearly every time in favor
of small AV, (D). If the dose is below the turnaround point, the behavior is reversed. In
table 4.1 the effect is also quantized and divided into parts located left and right (TL/TR)
on the chip. In several cases a different bias scheme was applied during irradiation at the
two common gate contacts (cf. table B.1 for details).

Figure 4.9 shows an example of this issue in which the DUT EO05 exhibits a turnaround at
~ 3.5 kGy.

|  Comparison of diff. gate sizes |

AV, (V)

N
|IIII|IIII|IIII|IIII|IIII|IIII

V,, shiftin linear mode
0.5 . ChipID=L04, DevicelD=1, W/L=20/6
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A ChipID=L04, DevicelD=3, W/L=20/3.5 | |
v
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ChipID=L04, DevicelD=7, W/L=20/5.5
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Figure 4.8.: At the DUT L04 a smaller AV}, can be observed for smaller gate lengths. Gate
bias during irradiation was fixed at —2.5 V.

The reason for the dependency on gate size is not quite clear. Although directly compa-
rable devices to the DEPFET technology do not exist, in [81] p-channel MOSFETSs from
a radiation hard Silicon-Nitride-Oxide-Semiconductor (SNOS) process were investigated.
Those devices may be compared to the devices in this study. They exhibit a higher shift in
Vip, for smaller gate length up to a dose of 10 kGy. However, in [81] the effect is very small
and in the order of < 4 %. With a Complementary Metal-Oxide-Semiconductor (CMOS)
process they observed a bigger dependency on gate length at 50 kGy, yet there the gate
length was often below 2 pm. In [82] no evidence was found on devices which exhibit a
polysilicon gate, whereas on devices which exhibited a T'i.Sis polycide gate the effect could
be observed. In [82] gate size dependency could be attributed to a gate size dependency of
interface traps, which arises probably due to mechanical stress of the gate insulator.
Another observation was made in [83], where the authors argue that a shorter gate length
exhibits worse shifts in threshold voltage than longer gates. However the maximum dose in
the study of Djezzar et al. [83] did not exceed 4 kGy.

With the devices which exhibit a turnaround effect observed in this study the effects of [81]
and [83] can be confirmed, however an explanation for the observed process is difficult. Ar-
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Figure 4.9.: In the range of D < 3.5 kGy a larger shift for smaller gate lengths can be ob-
served. At the turnaround smaller gate lengths exhibit a smaller shift in threshold voltage.
The gate bias of the DUT E05 was kept constantly at +2.5 V.

guments which rely on additional mechanical stress for shorter gates and therefore increased
trapping of holes cannot explain the turnaround effect. In addition, there are devices which
behaved contrary to the ones of [81] and [83] and always exhibit better performance of shorter
gates.

At the moment no conclusive explanation can be given on this issue, however differences
may result due to a different biasing of the DUTs, although a distinct pattern cannot be
observed.

As a relief in the matter of DEPFETSs for Belle II the gate length design decision is not
driven by radiation hardness since the effect is small, but instead the decision is depen-
dent on the desired g, (equation 3.49). The issue of radiation damage dependent on gate
length may arise again when considering DEPFETSs with very small gate length for high
amplification/low power dissipating applications.

4.2.6. Influence of Gate Potential

The gate potential influences the amount of radiation damage in the insulator twofold:

1. The resulting electric field affects the charge yield of ehps in the insulator (cf. section
4.2.2).

2. The resulting ehps undergo a drift motion controlled by the electric field.

In this sense, the physical cause is the electric field instead of the gate potential. However, it
is convenient to state gate voltage since this quantity can be easily handled in the laboratory.
Quite generally it is observed that a positive voltage at the gate leads to increased Vyy, shifts.
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ChipID Dose Max. Effect at TL  Effect at TR Description

kGy)  (mV/pm)  (mV/um)
A07 100 160 260 AV;p, lower for smaller L
E04 50 182 232 AVip, lower for smaller L
EO05 50 316 454 AVyp, lower for smaller L,
after turnaround at 3.5 kGy
EO7 50 493 424 AV;p, lower for smaller L
G03* 100 37 48 AVyp, lower for smaller L,
after turnaround at 2 - 10 kGy
G16* 100 124 115 AVyp, lower for smaller L,
after turnaround at 2 kGy
103 100 187 435 AV, lower for smaller L,
(except for L = 3 m, turnaround at 7,5 kGy)
104 50 186 267 AV;p, lower for smaller L
Jo4 50 184 355 AVyp, lower for smaller L
J15 100 142 240 AV;pn, lower for smaller L
LO03* 100 31 36 AV, lower for smaller L,
after turnaround at 30 kGy
L04 50 189 154 AV;p, lower for smaller L
L16* 100 58 66 AV, lower for smaller L,
after turnaround at 1,5 kGy
No4 50 194 200 AVyp, lower for smaller L,
after turnaround at 10 kGy
NO05 50 245 369 AV, lower for smaller L,
after turnaround at 5 kGy
NO7 30 209 157 AV;p, lower for smaller L

Table 4.1.: Overview of DUTs in linear mode, where gate size influence differences in AVy,.
The effect was calculated using the maximum difference in AV, at the dose maximum and
dividing it by the difference in gate length. TL/TR represent left and right hand side of

TO devices (seven MOSFETS each), since the sides sometimes exhibit different gate biasing
conditions (cf. table B.1). Devices with an asterisk are gate equivalent devices and exhibit
MOSFETSs with long gates, thus the effect is small.
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In this case, not only the charge yield is high, but also the holes drift to the trap precursors
at the Si09/Si interface. Figure 4.10 shows this issue exemplary and compares well with
equivalent plots shown in Ma and Dressendorfer [74].

Since the DEPFET exhibits an internal gate the question of a resulting electric field in the
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Figure 4.10.: Influence of gate potential on radiation damage.
insulator is not trivial to answer. The internal gate prevents the accumulation of majority

carriers beneath the gate electrode, which results for positive voltages in a zero electric field
condition. A more detailed look into this issue is presented in section 9.3.
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Chapter 5.
Experiments on Bulk Damage

The main source for radiation damages in the DEPFET consists of electrons and positrons of
low energy. In contrast to the LHC at which heavy and vast amounts of particles impinge on
the silicon in the tracker, the device parameters of the DEPFET should only be marginally
altered due to changes in the silicon bulk because of the reduced particle spectrum at Belle
II. However, as the first amplification stage of the detection signal in the detector is the
detector itself, already small changes are amplified and may therefore be visible.

Since there are only MC data for the displacement damage cross-section of electrons in the
energy range expected at Belle 11, the first section of this chapter is dedicated to the estima-
tion of the radiation hardness factor of this main background. The second section deals with
the changes of the detector material. The expected fluence of particles was simulated with
neutrons. The focus lies on leakage current increase, type inversion and noise performance.

5.1. Electron Irradiation and Hardness Factor

The main contribution to the damage done to the silicon bulk is caused by the traversing of
electrons from the 4-fermion final state radiation (cf. section 2.4.2). The damage mechanism
in the silicon bulk is explained in section 4.1 and the various types of background radiation
in section 2.4, while table 2.2 reminds of relevant parameters in assessing radiation test sce-
narios.

As already mentioned in section 4.1.3 some publications have brought up concerns about
NIEL scaling and found estimated values for the damage function gained from MC simula-
tions as too high. A closer look on the damage caused by electrons in the relevant energy
regime was necessary.

5.1.1. Experiment

In the experiment diodes with a resistivity of 100 Q2cm were used. They exhibited a thickness
of 50 um and on each chip four different types of diodes were located. A photograph of a
sample is shown in figure 5.1. Although the resistivity of the tested diodes does not match
with the intended resistivity of the DEPFET modules of Q,.s = 400 Qc¢m in Belle 11, the
results obtained with such devices are still valid as a comparison measurement (cf. results
in equation 5.8 and 5.9) and previous studies have shown, e.g. [45].

As an irradiation facility the electron accelerator from Synergy Health Radeberg GmbH [84]
was used (see also section A.2). This machine delivers a homogeneous beam of 10 MeV
electrons to the targets. The DUTs were placed on a carrier of a band-conveyor which
then moved the unbiased DUTs under the beam several times, until the desired dose was
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Figure 5.1.: Photograph of a diode test chip. Four different diodes are located on the chip
and differ in way of contacting and guard ring design.

accumulated. The dose was measured with an alanine dosimeter close to the DUTs. The
irradiation protocol states a mean error on this measurement of ~ 5.5 %. An impression
of the irradiation procedure is given in figure 5.2. Table 5.1 summarizes the DUTs and the
dose.

#  ChipID Desired dose (kGy) Achieved dose (kGy)
1 M09 4.2 2.8
2 J12 26 28.8
3 105 52 57.6
4 112 78 86.4

Table 5.1.: Chips and dose from the electron irradiation.

5.1.2. Analysis

Measurements

The characterizations of the DUTs were performed using Current-Voltage (IV) and Capacitance-
Voltage (CV) scans. With the CV method the depletion voltage of the diode can be ascer-
tained. Hereby the reverse bias of a diode is increased until all the volume is depleted.
Assuming a parallel design of the diode, a steady decrease in the capacitance is measured
until a minimum is reached. From a 1/C%(V') plot a sharp bend at the onset of bulk deple-
tion can be extracted and states the depletion voltage Ve, (see e.g. also equation 5.5).

In addition, the current at Vpg, of the IV scan was taken as a reference mark. The volume
of the diode is given by the area (ensured by a proper potential on a guard ring) and the
thickness of the device. As temperature and light have an impact on charge generation, mea-
surements were performed in a dark box and the temperature was noted and later corrected
for all DUTs via equation 5.1,

Iy, = Ir - (7 )Pexp(— = [ = =), (5.1)
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(a) Chips (b) Diode
J12, 105, I12 bonded on ceramic boards, which M09 was run parasitically with a DEPFET hy-
are placed on a carrier of a band-conveyor. brid (placed under lead plates) through the

machine. A dosimeter is placed on the left.

Figure 5.2.: Electron irradiation at Synergy Health.

with 7" as the measured and Tr as the reference temperature. In this case, Tr = 20 °C was
chosen.
The following measurement equipment was used for the characterizations:

e For IV scans a Keithley KT4200 SCS was utilized.

e For CV scans an LCR meter from Agilent of type 4284A measured the capacitance
while the KT4200 SCS supplied the DC sweep voltage.

Prior to irradiation a pre-characterization took place. After the irradiation, the DUTs
were kept cool to hinder thermal annealing. In order to compare the DUTs to a common
standard, the devices were annealed in a thermal chamber with 60 °C for 80 minutes. This
corresponds to a room temperature storage for about 20 days. A more detailed explanation
on the measurement procedure is given in [39].

Leakage Current Increase

The increase in leakage current of the devices is shown in figure 5.3. The slope of the
increase g “[...Jis a very good damage parameter for the measurement of hardness factors
of high energetic particles or radiation fields” [45]. The value of ae; = (4.2 £0.1) - 10_19%
obtained from measurements is compared with the reference increase of neutrons «, =
(3.99 +£0.03) - 10_17%. This leads to a hardness factor of

REponrer = - = (1.05£0.03) - 10~ (5.2)

for the measured electrons.
MC simulations (cf. figure 4.1b) predict values for the displacement damage cross-section.
At a given energy of 4 MeV a Koy, =~ 0.04 can be determined (cf. equation 4.4).

The measurement of 10 MeV electrons revealed a much safer experimental hardness factor.
In addition, since the occurrence of cluster effects in the silicon bulk is suppressed below
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electron energies of 8 MeV ', a much safer operation than anticipated for DEPFETSs in Belle
II can be deduced.

With a fluence of 4-10'3e*e™/(smy cm?) for the first layer of the PXD, an equivalent NIEL
fluence of

Doy =4-10M 0.,/ (smy em?)[= 510" ngy/(ab™! em?)) (5.3)

can be calculated!. This is much lower than regions at which type inversion occurs (cf.
section 5.2.1). The issue of resulting shot-noise due to the increased leakage current is
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Figure 5.3.: Increase of leakage current in diodes irradiated with 10 MeV electrons. The
uncertainty on dose is given by the dosimeter as 5.5 % and the error bars in on the leakage
current represent the standard deviation of the diode samples on the chip. At a fluence of ~
1-10* 1/em? only one diode worked.

discussed in section 5.2.2.

5.2. Neutron Irradiations

The results and studies presented in this section were conducted by Petrovics [39] in his
master thesis. In this work a brief summary on the matter of bulk damage studies with
neutrons is given. A more thorough discussion on this issue can be found in his work.

Two effects of bulk damage are important considering the radiation hardness assessment of
DEPFETSs for Belle 1I:

1. Type inversion, i.e. the n doped regions of the silicon undergo a transition to p doped
regions.

2. Increase in thermally generated leakage current — increase in detector noise.

1 .
asSsSumMINg Ki1oMeV = KaMeV
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5.2.1. Type Inversion
Introduction

As briefly explained in section 4.1.2, type inversion occurs due to crystal defect build-ups
during/after irradiation. Particles of energies high enough to overcome the lattice binding in
the silicon crystal create a PKA which then in addition creates bulk defects. Defects, such
as vacancies, interstitials or impurities manifest as additional states in the silicon bandgap.
The DEPFET in the Belle IT experiment exhibits a depleted bulk during operation. This
non-equilibrium condition results in a lack of free charge carriers, thus their concentration
is negligibly small (n &~ p ~ 0). Due to this condition, states can only emit charge carriers
in contrast to trapping which is a rare process because no charge carriers are available for
trapping. However, at high fluences of radiation a considerable leakage current in detectors
is present. Charge carriers from such a current can be trapped and emitted later on.

States near the band edges have a high emission rate £ into the appropriate band, given by

([35])

L BB
Enp =Onp - Uthp,p Tk * € FBT (5.4)

with the capture cross-section oy, of electrons/holes of the state, the thermal velocity vy, ,
of the charge and E; as the energy level of the trap in the bandgap. E.g. a trap located
close to E¢ will in most cases be empty and thus positively charged.

In this way, the radiation induced defect can alter the effective space charge N.;r and
create/remove donors and acceptors. Changes in the scr are manifested in a change of the
depletion voltage Vpep, necessary to deplete the bulk of charge carriers

q
Viepl = 72€S'd2\Neff| — Vi (5.5)
(]

Here, d is the thickness of the bulk and Vj; the built-in potential of the diode, which is in
almost any case negligible (V;; ~ 0.5 V).

Experiments have shown that of the four possible processes donor removal and acceptor
creation are the two dominant ones. Since the bulk of the DEPFET consists of n-doped
silicon a reduction of the effective doping concentration should be visible.

Measurements and Results

Measurements were conducted using diodes with a resistivity of 400 Qcm, which is the
designated DEPFET resistivity in Belle II. Irradiations were performed at the JSI TRIGA
Reactor in Ljubljana (Slovenia) [85]. After irradiation the devices were kept cool until the
irradiated devices were measured in the HLL, where a defined annealing cycle of 80 min at
60 °C' was performed.
The measurement procedure of neutron irradiated diodes is similar to the aforementioned
procedure of electron irradiated diodes (cf. section 5.1.2). Equation 5.5 relates the extracted
depletion voltage at a certain fluence to a effective doping concentration.

Figure 5.4 shows the measured depletion voltage together with an appropriate fit of the
change in effective doping,

Nj(®) = Npoe ®® — Nag — b, (5.6)
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a) V,,,, for different neutron fluxes b) N, for different neutron fluxes
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Figure 5.4.: Change in depletion voltage and effective doping concentration for 400 Qcm.
The point of inversion can be clearly seen via the fit (red) of the data (blue). Taken from [39].

using b for the creation of acceptors and ¢ for the removing of donors. From the fit the point
of type inversion ®;; can be extracted to be

1MeV neq
oM. (5.7)

Although the electron/positron fluence is quite high in the first layer of the PXD, type
inversion will not occur for the DEPFET modules in Belle II. The hardness factor gained
from electron irradiations reveals only a small damaging impact of low energetic electrons
on the silicon bulk and the neutron studies show an onset of type inversion at much higher
fluences than will be available at Belle II.

=21
cm

5.2.2. Increase in Detector Noise
Overview

The noise which is present in the DEPFET consists of several types and sources. Relevant
sources are:

1. Shot noise
a) Noise from surface generated current at interface traps (section 6.3.3).

b) Noise from bulk generated leakage current (section 5.2.2).

2. Low frequency or 1/f noise
a) Flicker noise in the conducting channel.
b) Punch-through biasing noise (section 5.2.2).
The noise which originates from the bulk, i.e. through leakage current and punch-through

are discussed in this section, while Flicker noise in the channel can be neglected due to the
fast read-out procedure.
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5.2. Neutron Irradiations

Leakage Current and Shot Noise

Leakage current originates from states close to the middle of the bandgap. Such states ex-
hibit optimal emission and capture rates of electrons and holes, thus producing a current.
For the measurements of the leakage current increase diodes and DEPFETs were used. The
extraction of leakage currents of diodes at their depletion voltage is explained in the above
section, while the extraction of leakage currents with DEPFET devices is explained in the
following.

A multichannel oscilloscope card was attached to the DEPFET matrix, measuring the in-
crease of drain current of eight pixels with respect to time. The internal amplification g,
was measured with an ? Fe source. In order to find the appropriate voltages for the opti-
mal operation point of the DEPFET additional laser scans were performed. Hereby a laser
illuminated the matrix to provide signal charge in the internal gate. Then the signal due to
this charge was evaluated with respect to different voltages, such as clear gate voltage, drift,
backside voltage etc. The leakage current could be determined with the known pixel volume
and the increase in drain current with respect to time at the optimal operation point.

The irradiation and pre-measurement procedure (thermal annealing) is similar to the above-
mentioned in section 5.2.1. The current, as it is highly temperature dependent, had to be
adjusted to a reference temperature of Tr = 20 °C' via equation 5.1. Detailed measurement
procedures are given in [39].

Figure 5.5 shows the increase in leakage current per fluence.

a) Increase of |, per volume for p =400 Qcm  b) Increase of |, per volume for p = 100 Qcm
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Figure 5.5.: Leakage current increase of silicon material with two different resistivities
(100 Q2em and 400 Q2em) after neutron irradiation. Taken from [39)].

From previous experiments, e.g. [45], a dependency on the detector resistivity was not
expected and this could be confirmed in this study. The increase in leakage current was
determined to be

A
@400 Qem = (4.04£0.12) - 10—17% (5.8)

and
17&_

Q100 Qem = (4.28 £0.1) - 10~
cm

(5.9)

An overview of the measured leakage currents of DEPFETS is given by table 5.2.
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Neutron fluence (%) 1-1013 2.10'3 1-10M
Liear )V (A/em?) (3.240.2)-107* | (5.740.3)-107* | (1.85+0.44) - 1073
Tjear/pizel (pA) 61.1+4.2 107 £5.3 348 + 81.6

e~ /RO /pizel (#) 7361 + 506 12891 4 638 41807 4 9831
Shot noise/RO /pixel (ENC) 85.8+39 113.5+38 204.5+328

Table 5.2.: Overview of leakage current and noise due to bulk damage. For the read-out
(RO) time 20 ps together with a pixel volume of Vyize; = 50 - 50 - 75 um? was assumed ([39]).

The increase in leakage current means also an increase in shot-noise, i.e. fluctuations in

the amount of electrons reaching the internal gate. A figure of merit concerning the noise
in a detector is the Signal-to-Noise Ratio (SNR). The higher this ratio is, the better the
signal can be recognized above the noise background. Typically, the signal in a particle
detector is referred to the amount of charge created by a particle called Minimum Ionizing
Particle (MIP).
A MIP deposits energy in silicon according to the Bethe-Bloch equation. However, the
thinner the absorber, the more skewed the Landau distribution of the deposited energy is.
Therefore for very thin absorbers such as the PXD the Bethe-Bloch equation had to be
adapted to yield the most probable value for % instead of the average value. Figure 5.6
shows the energy distribution together with the marked most probable value for 500 MeV
pions in slices of silicon of different thickness.
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Figure 5.6.: Energy distribution for 500 MeV pions in silicon for different thicknesses [86].

As the PXD exhibits a thickness of 75 um the most probable energy deposition is roughly
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230 eV/um. Together with the ehp creation energy of 3.6 eV the total amount of generated
charge S can be calculated. The electrons thereof drift to the internal gate and are thus
detected. It is convenient to state the amount of noise in Equivalent Noise Charge (ENC),
so that noise and signal can be compared easily.

The intrinsic variance of the charge is given by [35]

<AS?*>=F-5, (5.10)
with the Fano factor F' = 0.115. Thus, for the signal of a MIP in the PXD,
S = (4792 +22) e~ (5.11)

can be assumed.
To the amount of electrons in equation 5.11 all noise sources contribute. The shot noise
contribution due to the increased leakage current is shown in figure 5.7 for a pixel in layer

1 of the PXD. This is a conservative estimate, the electron fluence in the second layer is
considerably lower.
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Figure 5.7.: Expected shot-noise and leakage currents vs. integrated luminosity of elec-
tron/positron induced radiation damage in the bulk. A hardness factor of k = 0.01 is assumed.

Punch-through Biasing and Noise

One of the key features of the DEPFET is the fully depleted bulk. This is ensured via a
p+ backside implantation and an appropriate voltage in the range of e.g. 30 V for a sensor
thickness of 75 pum. At this thickness, silicon is very brittle and a safer way for biasing the
backside is a punch-through (cf. also section 3.4.3) bias via the topside, instead of using a
bond wire on the backside.

Figure 5.8 shows the edge region of the DEPFET. With a voltage of e.g. —60 V' a punch-
through to the backside is established, in such a way that this potential is set to ~ —30 V.
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-60V normal DEPFETs...

Potential V

punch-through

p+ backside

Ve thermic emission

Figure 5.8.: Cut along the biasing structure of a DEPFET. On the topside a negative volt-
age is applied, which then is conducted to the backside of the silicon via punch-through. The
height of the barrier Vey, is modulated by trapped charge due to radiation and will effect the
channel potential via the normal depletion (potential curve on the right-hand side). In case
of severe punch-through noise an additional metal layer could have been implemented at the
backside, which would act as huge capacitor plate.

This depletion voltage leads then to the typical potential curve for the internal gate, as it is
shown on the right-hand side of the drawing.

As the punch-through effect has to deal with the barrier from the backside contact to the
bulk (denoted by Vey ) a stochastical emission of charge (holes) can be observed. The en-
ergy of the holes is distributed according to the Boltzmann distribution and higher energetic
holes can overcome the barrier.

With increasing radiation levels more and more trap sites in the bulk are produced. When
a charge carrier gets trapped in the path of the punch-through (and especially at the barrier
location) and is later stochastically emitted, a typical increase in 1/f noise can be observed.
The trapped charge carrier modulates the normal barrier height Ve, Assuming an increase
in Ve will lead to additional holes behind the barrier. Later on, when the trapped charge
becomes free, the barrier is reduced and a flush of holes moves into the punch-through path.

The issue of punch-through biasing noise was brought up by measurements for the Collider
Detector at Fermilab (CDF) [87], and for the A Toroidal LHC Apparatus (ATLAS) detector
at LHC [88]. To investigate this issue for the Belle II radiation scenario the abovementioned
irradiated DEPFETs were studied additionally with a punch-through biasing. This was
conducted via selectively switching the backside biasing from the punch-through mode to
the normal backside biasing.

Measurements were then performed on a subset of the DEPFET matrix using a multichannel
oscilloscope card and a designated measuring setup called Mini-Matrix System (MiMa) [89].
Amongst other methods a Fast Fourier Transformation (FFT) analysis was conducted. The
resulting Power Spectral Density (PSD) is shown in figure 5.9. Even for high fluences no
additional noise contribution due to punch-through is visible, which makes this biasing mode
an excellent choice for the DEPFET in Belle II. One can omit the risk of bonding a wire to
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the backside of the modules which would (most likely) increase the overall yield of available
modules for the PXD.

a) Comparison of noise for punch-through and b) Comparison of noise for punch-through and
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Figure 5.9.: PSD of DEPFETSs after neutron irradiation. No change from normal biasing
mode vs. punch-through mode can be observed in (a). The parallel shift in (b) may account
for a thermal difference. Clearly, the overall reduction of temperature reduces not only the
thermal generation but also reduces thermal movement of charge carriers. Thus a total reduc-
tion of noise is observed, because the constant thermal noise over all frequencies is reduced.
Taken from [39].

5.3. Summary and Conclusions

In this work the hardness factor of electrons with 10 MeV is investigated. The resulting
factor of k &~ 0.01 means a considerable reduction in equivalent neutron fluence for the PXD,
especially in the first layer. The total amount of damage will be most likely less than pre-
dictions by this hardness factor since cluster effects arise at the measured 10 MeV but are
scarce at the expected energy of 4 MeV in the first layer.

Type inversion was studied with diodes in [39] and found to occur at a fluence of &y =
2 - 1014W. With the new scaled equivalent fluence from electron irradiations type
inversion is not an issue for the DEPFETSs in Belle II.

The increase in detector noise due to bulk effects, i.e. leakage current and punch-through
noise, was studied. While for the low frequency noise of the punch-through mode no addi-
tional effect was ascertained, the shot-noise due to leakage current increases. However even
at a reference temperature of T = 20 °C the noise is still small and poses no threat to the
operation in the experiment. Lowering the temperature would reduce the noise and could
be a remedy if the SNR in the experiment is too weak, although already the procedure of
cooling the detector to room temperature is quite challenging.
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Chapter 6.
Experiments on Interface Traps

The purpose of studying interface traps for DEPFETSs lies in their manifold appearance in
the device. Interface traps act as an additional capacitance parallel to the semiconductor
depletion layer capacitance. Due to their amphoteric nature they are emptied and filled each
time the surface undergoes a charge transition, e.g. depletion — inversion. The charge load
of interface traps is mirrored in the charge load of the gate. Thus the switching speed of the
DEPFET is reduced, which is visible as a degradation of the subthreshold swing. A further
aspect is the decrease of the transconductance g,,. The mobility of the charge carriers in
the channel is reduced by additional scattering at traps near the SiOy/Si interface.
Another aspect of interface traps is the continuous creation of charge at the surface during
depletion. While this is utilized in the determination of interface traps via GCDs, in the
DEPFET this effect increases the noise of the device because the created electrons my travel
to the attractive internal gate and contribute to the signal electrons.

A deeper insight of interface traps can be gained with the use of MOS capacitors. This
device allows a detailed look at the distribution of traps in the band gap, while from other
devices (e.g. GCDs) only a rough average interface trap density can be extracted.

6.1. Interface Trap Distribution from MQOS Capacitor
Measurements

6.1.1. Measuring Technique

Introduction

The principal design and equations of a MOS Capacitor are given in section 3.2. There are
three different methods for the extraction of interface trap properties. Two of them rely
on a theoretical CV curve and all are based on the same measuring technique, which is to
superpose an alternating voltage above a slowly varying DC voltage. The DC voltage is
related to a DC change in the surface potential Wy, which scans the band gap of the MOS
capacitor from accumulation into inversion.

The small AC voltage (and its frequency) is used by the measuring device to calculate the
capacitance from the capacitive reactance. In addition, depending on the frequency, inter-
face traps can be charged or emptied by the AC change. The method relies on the fact that
in a low frequency case (LF), interface traps follow the AC voltage and are visible, whereas
a high frequency (HF) is too fast for them.

This section is based on the work of Nicollian and Brews [33], who provide detailed infor-
mation about the measurement procedure. Pahlke [90] and Wei [75] have also studied the
effect of ionizing radiation on MOS capacitors. They used high quality HLL wafers and
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encountered problems with small minority charge carrier generation.

Theoretical CV Curve at High Frequencies

When applying an alternating voltage on the gate of a MOS capacitor, the surface charge
and the charge in the silicon bulk reorganize themselves to the new field.
In accumulation and depletion the capacitance arises mostly from the flow of majority car-
riers (i.e. electrons, in this work) into the depletion layer. The crucial time constant is the
dielectric relaxation time of

D = QresEsis (6.1)

which is for most resistivities €2,.s small enough to follow AC voltages in the frequency range
up to 1 M Hz. Minority carriers are of less importance in the above cases because of charge
carrier concentration n > p.

However, in inversion minority carriers determine the CV relation. Minority carriers follow
the applied AC voltage as long as their relaxation time 7 is small enough, compared to the
period of the voltage. As 7r can be quite large in silicon (and especially in the high grade
material of the HLL), only with very low frequencies a “true” LF-CV curve can be obtained.
These minority carriers can be generated either by light or by thermal excitation. To ensure
a proper measurement, which is influenced only by the silicon and silicon dioxide properties
and also is a reproducible measurement, a light-tight casing was used during the measure-
ment. This leaves only thermal generation mechanism for the minority carrier concentration.
As described in section 4.1.2 bulk trap centers in the middle of the band gap act as opti-
mal Shockley-Read-Hall-Generation centers, which is typical for low quality material and/or
bulk damage. The wafers used for the TO project were high quality Float-Zone (FZ) wafers.
Measurements in the inversion case are extremely difficult; in most cases even impossible.
The charge generation rate can often reach O(min).

For this reason, only the upper half band gap during accumulation and depletion could be
reasonable extracted.

For a theoretical CV curve one has to take a closer look at the inversion layer. The

inversion layer charge is not affected by the AC voltage, but instead the additional voltage
is (at the transition from depletion — inversion) compensated by a change in the depletion
layer width. Also the inversion layer thickness has to change to take the altered electric field
in the depletion layer into account.
When the inversion layer gets narrower, holes have to fill the states in the valence band to a
deeper level to compensate for the still constant hole charge. Such a change can be realized
by allowing the Fermi potential to have an alternating level superposed. By this method the
capacitance in the HF case can be found via a similar approach as described in section 3.2.3.
The method is to calculate the hole density in inversion due to an alternating Fermi level
(described in detail in [33]), then to apply Poisson’s equation and to integrate from the bulk
to the silicon surface in order to get the dimensionless electric field v. With Qp = 551% and
differentiating the charge partially to potential vg at the surface

0 (dv
Cp = 551‘% <dx‘z—0> ) (6-2)

the semiconductor capacitance is calculated.
However, the resulting equation for Cp is still too complicated for practical use. During
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6.1. Interface Trap Distribution from MOS Capacitor Measurements

the transition from strong inversion to weak inversion the redistribution effect of minority
carriers is small and one can simplify Cp to

Cp = CFB(G_US — 1)F_1(Us,’LLB). (6.3)

Here, Crp denotes the flat-band capacitance, given by

Crp = (6.4)

Lp
and F
F = 2Y2sgn(vg)(—(vs + 1) + €¥s)/? (6.5)

is the dimensionless electrical field.

For a closed form of the CV curve, which is valid for all voltages, equation 6.3 is used for
accumulation, depletion and weak inversion. For strong inversion equation 6.3 is matched to
a constant value. The optimal matching point L in the dimensionless potential is given by

evLT2uB =y — 1 (6.6)
vr, ~ 2.1up + 2.08. (6.7)

However, due to the high quality material of the used wafer, measurements in inversion are
difficult since minority carriers from thermal generation are suppressed. Therefore, as the
(strong) inversion case cannot be reached, the use of the matchpoint is not considered in
this work.

Extraction of Interface Trap Densities from CV Measurements
Interface traps are visible in a CV measurement via two effects:

1. More gate bias is needed to sweep the CV curve from accumulation into inversion (and
vice versa), this results in a stretch-out of the CV curve.

2. Interface traps contribute to the measured capacitance.

A small change in gate charge dQ¢ is countered without interface traps by a change in the
surface charge dQg, so dQg+dQs = 0. When interface traps are present, the change in gate
charge is also countered by a change in interface trap occupation, thus dQa+dQs+dQ;: = 0.
Therefore the change in dQg will be smaller, resulting in a smaller change of d¥g. This
means that a higher gate bias swing is needed to tune the interface from accumulation into
inversion, thus a stretch-out of a CV curve can be observed.

The model of the MOS capacitor is now extended to incorporate interface traps. The picture
of a series capacitance (figure 3.6) changes to figure 6.1, where an additional capacitance
arises from the occupation of interface traps.

Figure 6.1 is represented by

C;

Cor=Cp+Ce e v op

(6.8)

Equation 6.8 already implies the LF characteristic, that is to say that the capacitance Cj
depends on the AC frequency. Only an interface trap level, which can capture a charge within
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Figure 6.1.: MOS capacitor with interface traps. These result in an additional capacitance
parallel to the silicon depletion capacitance.

a period of the AC voltage, contributes to the measured capacitance. For high frequencies
less traps contribute and Cy(f — o0o) = 0. However, the slowly changing DC voltage will
always ensure that traps are occupied to this level. Therefore, at high frequencies only
stretch-out is observed in CV measurements. In this case, the HF capacitance is given by

ere
- Op+Cy

Three possible measurement approaches for the determination of interface trap densities
rely on the equivalent circuit diagram of figure 6.1:

Cur (6.9)

1. Comparison of a theoretical HF-CV curve with a measured HF curve (stretch-out

based).

2. Comparison of a LF-CV curve and extraction of C;; with the help of a calculated
(theoretical) curve.

3. Comparison of both measured HF- and LF-CV curves.

From all CV techniques Cj; can be determined. The relation of the trap distribution D;; to
the capacitance is given by
Cit(\Ifs) = qut((I)S); (610)

taking into account a total interface trap density, which in reality consists of acceptor- and
donor-like traps (cf. figure 4.4)

Dit(®5) = D (®5) + D§(Ds). (6.11)
However, with the CV measurement the trapping characteristic, implied by equation 6.11,
cannot be revealed and only the total interface trap density can be extracted.
Combined HF and LF Technique

The technique is based on both HF and LF measurement. With the HF measurement, the
result is a stretched-out curve and the capacitance is given by 6.9.

In the next step a LF measurement is performed. Using equation 6.8 and 6.9 leads to an
expression for the interface trap capacitance

o~ (g a) (woma) - o

84



6.1. Interface Trap Distribution from MOS Capacitor Measurements

Gate Voltage and Surface Potential

In order to use equation 6.10, the interface trap capacitance from equation 6.12 needs to be
converted to a function of surface potential ¥g. This can be done via a theoretical HF-CV
curve CH#€(Ug) and a measured CiP(Vg) curve. Comparing the same capacitance values
from both graphs, illustrated in figure 6.2, a direct relationship ¥g (V) is established.

This relation is used to get a Cj(Vg) curve, and with the help of equation 6.10 the interface

trap density D is correctly positioned.

Czl]?"(\lfs) is taken from equation 6.3, with respect to the area of the capacitor, and taking
into account the voltage divider with the insulator capacitance (see figure 3.6 and equation

3.6).
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Figure 6.2.: Matching of a theoretical CV curve to an experimental one. The matchpoint is

denoted in the theoretical curve, but since the point is below the onset of strong inversion and
minority carriers cannot be generated as fast as they are needed in this case, the discussion is
limited to the range of weak inversion — accumulation.

6.1.2. Measurements

Measurement details are discussed in this section. For detailed background information, e.g.
about used frequencies and DUT descriptions cf. appendix C. The device for the extraction
of the capacitive reactance was a Agilent 4284 A precision LCR meter operated in the Z — ©
mode. The DC sweep voltage was supplied by a Keithley 487 Picoammeter/Voltage Source.
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Convention of Potentials

With the method explained in section 6.1.1 the interface trap distributions can be extracted.
The trap density is given as a function of the surface potential with respect to the Fermi
level

b, =V, 4 Pp. (6.13)

The conduction band edge E¢ is located at ® = 0.56 eV.

SEC

Device Overview and Oxide Capacitance Discrepancies

The measurements were carried out in the HLL and at the X-ray irradiation facility in
Karlsruhe. As the measurement of these devices is technically complicated and time con-
suming, only coarse scans over several doses were performed, while MOSFETSs from the
same DUTs were measured in finer dose intervals. Table C.3 gives a short overview of used
devices.

Although there are some deviations from the nominal thickness (see table C.2) of nitride
and oxide, these deviations cannot explain the difference between calculated and measured
capacitance. However, since silicon nitride was deposited in a two step process the interpre-
tation of measurement data may be altered due to the second interface. For the extraction
of interface traps, and especially for the mapping of the theoretical to the experimental HF
curve, the measured (maximum) oxide capacitance was used in order to get a consistent
interface trap density picture.

Frequencies for Capacitance Measurement

To obtain a “true” HF curve, higher frequencies are desirable because then the measured
capacitance is (more) free of contributing interface traps. However, the phase shift © in this
case tends to be very small and the measurement data for the extracted capacitance gets
vague.

One possible remedy is to increase the AC voltage of the LCR meter to obtain higher signal
values for the calculation of the impedance. However, the DC voltage sets the measured
region at the band gap of the MOS interface. A too high amplitude of the alternating
voltage would lead to a more coarse scan of this region. For this reason a probing amplitude
of V4o = 50 mV was chosen.

In addition lower frequencies as the used 20 Hz for the LF case would result in a more
detailed interface trap capacitance. In the 20 Hz case interface traps contribute within
capture/emission times of one half period (= 25 ms).

Fermi Pinning

A problem arises if the scan speed of the DC voltage is too fast. In this case, it may happen
that the surface potential remains fixed at the current trap level until this level is charged,
therefore the capacitance measurement returns a constant value. This effect is known as
Fermi pinning (see e.g. [54], [67]) and would have been a critical issue in this work in case
minority carriers were needed due to band bending at the interface (i.e. inversion).

However, the impact of this error is small, since already in the derivation of the theoretical
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6.1. Interface Trap Distribution from MOS Capacitor Measurements

capacitance the region from inversion into strong inversion has been neglected. Therefore
only a reduced picture of interface traps in the upper half of the band gap can be extracted.

6.1.3. Results and Discussion

Measurement Results

For all the possible nitride thicknesses of the TO project (10, 20, 40 and 60 nm), an interface
trap distribution could be extracted. However due to the lack of minority carriers and Fermi
pinning results are only given at a surface potential &5 > 0.1 eV

At the beginning of the irradiation campaign the devices were put to a same dose sequentially,
e.g. DUT1 from 0 kGy — 0.5 kGy and then DUT2 to this same step and so on. This leads
to a small room temperature annealing for the devices while another DUT is irradiated. For
the device Q12 the procedure deviates at the point of 15 kGy, at which all following dose
steps were consecutively applied.

Figure 6.3 shows the distribution of a MOSCAP with 10 nm nitride thickness. A change
from the final dose to the last annealing measurement (At ~ 30 d) is barely visible on this
logarithmic scale.
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Figure 6.3.: Interface trap distribution of Q07 (10 nm SizNy). The plot shows a detail
of ®; 2 0.1 eV, lower parts of the band gap could not be extracted due to lack of minor-
ity carriers. The orange data (anneal#10) corresponds to a room temperature annealing of
trr =~ 30 d. A slight increase during annealing near the middle of the band gap is visible.

Figure 6.4 shows the evolution of interface traps during 30 d of annealing. Most of the
annealing happens in the first few days. During room temperature annealing an effect called
latent interface trap build-up takes place. Whereas most of the fixed oxide charges are visible
instantaneously during irradiation, interface traps arise time-delayed. The data shown in
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figure 6.4 (exemplary from DUT QO07) indicates that most of the latent build-up happens
near the middle of the band gap, while close to the conduction band edge only small increases
are visible.
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Figure 6.4.: Annealing during room temperature of Q07 after the final dose of 30 kGy. La-
tent interface trap build-up is shown mainly at 0.1 eV < &, < 0.3 eV. Near E¢ only a
marginal increase takes place. The local maximum of the distribution is located at &5 =~
0.28 eV.

In contrast to the Q07 device, the capacitor BO7 with 20 nm silicon nitride exhibits
a slightly higher interface trap distribution, shown in figure 6.5. The shape of the curve is
similar to that of Q07. The local maximum of the distribution is located at ®,,,. ~ 0.29 eV,
in comparison to 0.28 eV of the capacitor QO07.

The evolution of increasing interface trap density of the 60 nm silicon nitride capacitor
B12 is shown in figure 6.6.

The 40 nm DUT was irradiated up to 115 kGy, the interface trap distribution during the
irradiation is shown in figure 6.7 and, on a linear scale, in figure 6.8. The measured capac-
itance (or more precisely the measured impedance Z and the phase shift ©) was unstable
when approaching the accumulation case for higher doses. In addition the matching to a
theoretical curve increased the noise of the trap distribution. Yet despite the noisy data
there is a clearly visible shift in the local maximum with dose towards the conduction band
edge.

While the peak is barely visible at 30 kGy the peak height rises strongly together with the
dose.

Nitride Dependency and Local Maxima

Although the B12 device exhibits the thickest silicon nitride of all studied capacitors its
interface trap density is not at a maximum, as figure 6.9 indicates. In this comparison at
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Figure 6.5.: Interface trap distribution of BO7 (20 nm SizN4). The orange data (anneal#8)
corresponds to a room temperature annealing of tpr ~ 30 d.
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Figure 6.6.: Interface trap distribution of B12 (60 nm SizN4). The anneal data (anneal#8)
shown corresponds to a room temperature annealing of tgr ~ 30 d.
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Figure 6.7.: Interface trap distribution of Q12 (40 nm Si3Ny). The anneal data shown corre-
sponds to an annealing of tpr ~ 29 d.
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Figure 6.8.: Interface trap density of Q12. A shift of the local maximum towards the con-
duction band edge of the 40 nm nitride capacitor can be observed. At higher doses the mea-
surement of the capacitor towards accumulation was unstable, resulting in a noisy extraction
of the distribution.
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30 kGy no clear dependency on nitride thickness can be concluded. A small thickness seems
to be in favor of a low trap distribution, but the comparison of 40 nm and 60 nm nitride
counters this assumption. In addition the position of local maximum tends to depend also
on the nitride thickness.
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Figure 6.9.: Comparison of four DUTs with different nitride thicknesses after a final dose of

30 kGy. There is no clear dependency on nitride thickness visible, in addition the location of
the local maximum is different between the two thinnest and two thickest devices.

Table 6.1 summarizes the location of the peak for the DUTs at a dose of 30 kGy.

B07 BI12 Q07 Q12
(eV) 029 0.35 0.28 0.37

o

Speak

Table 6.1.: Position of local maximum after 30 kGy.

The explanation of this behavior is difficult. The positions of local maxima are described
in literature, e.g. Gerardi et al. [56] found the position of the combined signal of P, and
Py, roughly 0.3 eV below the conduction band edge. Thoan et al. [68] found two peaks in
their D;; distribution. One of them is close to valence band edge, while the other is located
0.27 eV below E¢.

In comparison to the maxima of the capacitors studied in this work, these other local max-
ima are located at @, .. = 0.26 eV respectively at ®,,, = 0.29 eV. These positions
correspond well with the positions of the maxima of the devices with a small nitride thickness
(10 and 20 nm) and can therefore be attributed to classical P, interface traps (cf. table 6.1)
as it is described in section 4.2.1.

However, the other position of the peak distribution is difficult to attribute. One possible
explanation is that, as the signal of P, is a superposition of P, and P, , so could the peak
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at 5 ., ~ 0.36 eV as well be a superposition of a typical P, interface trap defect and
another, to the author unknown, defect. When this defect concentration increases, the su-
perpositioned distribution would shift towards the unknown defect, as it is visible for Q12 in
figure 6.8. The data so far would suggest an origin related to nitride deposition (yet not only
on nitride thickness) and dose. If thicker nitride layers were demanded in future devices a
more in-depth investigation into this issue may be in order. The extraction of interface trap
distributions in the upper part of the band gap with HLL devices is shown to be possible
and a typical interface trap defect is confirmed to be present in the TO production.

The extraction of interface trap properties of MOSCAPs is no trivial task. The LF mea-

surement was conducted with a probing frequency of 20 Hz. Therefore such a measurement
never is a measurement where all traps contribute, however the capture/emission time of
non-contributing traps would have to be quite large. In addition, the HF measurement was
conducted mainly with 100 £Hz although the LCR meter can deliver higher frequencies.
The reason for this was the decrease of the capacitive reactance of the system with increas-
ing frequencies. Differences in Z and © were small in higher frequencies so in order to have
a reliable signal the frequency was decreased. In this sense, the HF measurement is still
polluted with interface traps. Additionally as the experimental CV curve is matched to a
theoretical (interface trap free) one, a small mismatch can take place if different frequencies
are used. This effect can be seen e.g. at the difference of irradiated DUTs in comparison to
the ones at 0 kGy, where a lower frequency was used.
In order to access the lower band gap of the devices one could possibly place a p+ region
near the capacitor to serve as a hole reservoir from which minority carriers can be drawn in
case of inversion as it is used in charge-pumping measurements of MOSFETs (information
on charge-pumping can be found in [91] and [92]).

6.2. Interface Trap Density from MOSFET Measurements

6.2.1. Calculation of Changes in Interface Trap Density

By plotting the drain current Ip in a semilogarithmic plot vs. the gate voltage Vg, the
subthreshold swing S can be extracted. This quantity gives information about how fast the
drain current is switched on/off, precisely the change in gate voltage in order to decrease
the current by one order of magnitude.

The mechanism of the drain current in the subthreshold region is mentioned in section 3.3.5.
Here, a closer look on the influence of the gate voltage to the surface potential is necessary.

The theory of the MOS capacitor (see section 3.2.3) describes how the voltage over the
total capacitance is divided (equations 3.4 and 3.5). Neglecting fixed oxide charges and other
influences to Vpp, the gate voltage divides by

V2e5iqNp

Vo=V 6.14
G s+ Co:(: ( )
The change in gate voltage is then given by

AV Cox
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where the depletion capacitance Cp is described in the range of depletion/weak inversion by
equation 3.16.

The subthreshold swing S is given by the change in gate voltage for the drain current
(equation 3.37)

dVg dVg
=nl0————— =lInl . 1
S=ln Od(lnID) n Od(ﬁllls) (6.16)
Substituting equation 6.15 into equation 6.16, results in
kpT Cor + Cp
S=Inl0— —. 6.17
"y Cox (6.17)

When taking the additional capacitance Cj due to interface traps into account, equation
6.17 must be modified by

kT Cor +Cp + Cyy
CO:E ’

S = Inl0 (6.18)
The swing from equation 6.18 is especially useful when determining the change in interface
trap densities (Dy = ¢*>Ci)

CO.Z‘

ADjy = — %% .
t T In10gkgT

(Sirrad — S0)- (6.19)

Acquiring all the necessary quantities in equation 6.18 is often quite tedious, whereas for
equation 6.19 only temperature and the oxide sheet capacitance need to be known. More
details on the extraction of the subthreshold swing can be found in appendix B.3.

6.2.2. Measurements of MOSFETs

With the aforementioned technique the swing is extracted from each device. Since the
amount of data is too extensive to show in this work a reduction is necessary. In the
following diagrams the subthreshold swing was averaged from either all 14 MOSFETSs or
from the right and left side of the DUT. Figure 7.3 shows a typical design of a DUT. The
transistors are organized in an inverse “U”-shape around the central device (designated with
DeviceID = 0). Starting from the left side the transistors are labeled in their DevicelD from
1-7 and from the middle to the right 8-14. The separation/mirroring in the device layout
into two groups made it possible to apply two gate voltages during irradiation.

The swing is extracted using a linear fit in the semilogarithmic plot and from the slope the
change in Vz needed for one order of magnitude can be calculated. The errors of the fit were
propagated to the swing and later on to the change in interface trap density.

In the calculation of the change in interface trap density (equation 6.19) a temperature of
20°C and the designed sheet capacitance was used (cf. table B.1).

Further information on measurement and irradiation procedure can also be found in section

7.2.

6.2.3. Results of Interface Trap Changes

In figure 6.10 the results from 10 nm and 20 nm silicon nitride devices are shown. Most of
the DUTs were biased with different gate voltages in order to simulate the different regions
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from the Clear Gate (CLG) (cf. section 7.4.1 for biasing schemes of the CLG). The creation
of interface traps depends as well as the oxide trap charge E’ on the electric field present in
the insulator. The released protons should drift more efficiently to the SiOs/Si interface if
a positive voltage is applied.

In figure 6.10 such an effect is visible!. The devices which exhibit a fixed gate bias of 5 V
during irradiation show roughly double the interface trap increase than the devices with the
lowest bias of —5 V. This trend is nearly universal with the one exception of DUT N04 at
35 kGy (figure 6.10a). The dip in this data cannot be sufficiently explained, however at this
step the DUT was irradiated over night and a small annealing of roughly 2 hours took place
until the measurement was started.

The increase in D;; is similar in both nitride thicknesses, although the 10 nm devices
performs slightly better. The study of voltage dependency focused mainly on 10 nm and
20 nm thick silicon nitride devices. However a few irradiations were performed with 40 nm
devices, shown in figure 6.13. From this data no clear correlation between nitride thickness
and AD;; can be derived.

However at low doses a slight decrease in trap density is visible. This behavior is similar to
the extracted transconductance g, (D) (cf. section 6.2.4), in which a small improvement is
visible at the beginning of irradiation. Yet it is disputable if the trap density decreases in
reality. From the increased E’ centers it may happen that the holes in the channel are forced
away from the interface. In this buried channel the scattering at the interface is reduced,
which would manifest as an increase in g,, and a decrease in trap density. At higher doses
the trap density would be too large that the effect of a buried channel device can manifest.

In the study for the CLG several voltages were applied at the gates during irradiation.
The results are shown in figure 6.11 for both relevant nitride thicknesses. The acquired data
supports the model of released protons in the interface as the source of interface traps. A
clear dependency on gate voltage is visible. The more positive field is present, the more
interface traps are created.

Another important scenario has been tested for the 20 nm and 40 nm devices as it was

clear, that, from a technological point of view, thicker nitrides were preferred. The interface
at the CLG has to be adapted continuously to the threshold voltage shift to ensure a sufficient
barrier for the internal gate to the Clear.
Figure 6.12 compares for 20 nm nitride thickness constant and adaptive biasing. In most
cases the adaptive biasing shows less increase in interface traps and only in few cases it is
nearly the same. The same behavior can be observed in the 40 nm devices, shown in figure
6.13. With the data at hand, the adaptive biasing, which is in addition the more realistic
scenario, is favorable in reducing interface trap generation.

An investigation over all nitride thicknesses was conducted for gate equivalent devices.
The change in interface trap density is shown in figures 6.14 and 6.15. From both figures an
universal correlation in Dj; increase to nitride thickness can be deduced (at least for higher
doses). This is in accordance to the data shown above from CLG structures in which the
10 nm showed less increase than the 20 nm nitride thickness devices.

The inlet in figure 6.14 shows a zoom into low doses. At this point the data behaves
erratically, which likely occurs due to latent interface trap build-up and small irradiation

lthe negative data point in figure 6.10b arises from one bad swing extraction at 5.5 kGy of A07, DevicelD
= 13 and can therefore be ignored.
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Figure 6.10.: Comparison of interface trap densities from 10 nm and 20 nm nitride. The

(b) Increase in interface trap density from 20 nm thick
silicon nitride via the subthreshold technique from MOSFET measurements.

voltage labeling refers to a fix bias at the gate during irradiation.
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Figure 6.11.: Increase in interface trap density from CLG equivalent test structures of the
TO project. A clear correlation between increase in D;; and applied gate voltage during irradi-
ation is visible.
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intervals. Concerning the interface trap density from MOSFET measurements a nearly
overall observation is a slight reduction at low doses. Such an observation can clearly be
seen in the inlet for the 10 nm device. However, from corresponding measurements with
GCDs or MOSCAPs such a reduction is not visible. Most likely this reduction can be
attributed to the buried channel effect (see above). Yet, such low doses will be reached
quickly in the final experiment, thus this effect plays only a marginal role.

11
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Figure 6.14.: Changes in interface trap density from gate equivalent structures. The inlet
shows the behavior at low doses.

In figure 6.15 the change in D;; is shown with the gate bias as an additional parameter.
Besides the fixed gate bias of +2 V during irradiation the other gate bias has been adapted.
Different to the adaption from CLG devices the adaption is stopped at zero volts (confer
also section 7.3.1 on biasing schemes). While from CLG devices the adapted ones show a
lesser increase in trap density, the situation with gate equivalent devices is inverted. Yet,
the adaption is, depending on gate capacitance, stopped more or less at low doses. At this
point the drift for generated holes in the oxide is reduced and less traps are generated.
The difference between the two biasing schemes is marginal and the difference to the CLG
structures can be attributed to the early stop.

6.2.4. Influence of Interface Trap Density on Transconductance

Besides causing other effects, interface traps can manifest in a change in the MOSFET

transconductance g, (cf. equation 3.48). The traps act on the charge carrier mobility
via? o

= — 6.20

H 14+ aitNit ( )

2assuming the change due to oxide traps to be negligible
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Figure 6.15.: Interface trap density changes with respect to fix (42 V') and intelligent
(+2 V' — 0 V) gate bias. Since the adaption is stopped at low doses the difference is only
marginal.

in which Nj is the total amount of interface traps in units of 1/ em? and «;; a constant
determined experimentally to be 35-10'2 em? ([93]). The transconductance of the MOSFET
is an important parameter since the internal amplification g, of the DEPFET is directly
related via equation 3.50.

The data presented in this section is extracted from the TO project. The devices shown
exhibit a gate length L = 4.5 um and were irradiated with a fixed gate bias during irradiation.
The gy, was estimated at a drain current of Ipg = 100 A and since the capacitive coupling
of the gates of the thinner devices is larger, the transconductance is also higher compared
to the 20 nm devices. However, small deviations due to production induced spread have to
be considered. The spread can be seen in the zoomed figure 6.17b at D = 0 kGy.

3

The data for devices with 10 nm nitride, figure 6.16, corresponds well with the interface
trap increase gained from the behavior of the subthreshold swing. The devices which were
irradiated with a negative gate bias show a smaller decrease in g,, than the devices with a
positive voltage.

With the thicker nitride configuration of 20 nm (see figure 6.17) the clear dependency on
gate bias during irradiation is distorted up to medium doses, originating from the DUT
104 with a zero gate bias. Except this data, the situation is comparable to the thinner
nitride devices. However, the different behavior for the the two devices which were both
irradiated with +2.5 V and the similar behavior at low doses of A07 (—2.5 V') cannot be
readily explained. A possible explanation is the fact that after irradiation a difference in the
short-annealing time is present. Shaneyfelt et al. [94] showed that directly after irradiation

3DevicelD = 10
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Figure 6.16.: Transconductance of 10 nm nitride MOSFETs. The parameter is the fix gate
bias during irradiation for the CLG equivalent transistors.

the build-up of traps takes time and even time differences on a short-scale O(min) do have
already an effect.

A small increase in g, (figures 6.16 and 6.17), visible also as a decrease in the subthreshold
swing extracted interface trap density Dj;, can be observed up to a low dose of 2 kGy.
Although Awazu et al. [95] have found reductions of the interface trap center P, in a dose
range up to 150 kGy, the reduction in the devices in this study show this behavior only for
small amounts of radiation. A more possible explanation attributes this effect to a buried
channel behavior (cf. section 6.2.3).

A typical decrease in the g, depends on gate bias and nitride thickness. The figures presented
above give detailed information on this issue, a rough decrease of ~ 15 % can be taken into
account after 100 kGy of irradiation.

6.3. Interface Trap Extraction from GCD Measurements

6.3.1. Interface Trap Density

The GCD offers an easy access to the surface generated current. For details of theory and

principal operation of a GCD cf. section 3.5. Perhaps the most important parameter of a

GCD is the surface current Is (equation 3.51) and, derived from this quantity, the surface

generation velocity s, (equation 3.55).

The interface trap distribution is given directly proportional to s, by
Sg

= 6.21
ovy, kT ( )

However, the effective capture cross-section is disputable.
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(b) Zoom of figure 6.17a into low doses (error bars omitted).
A small increase in g, is visible, possibly due to a buried channel behavior.

Figure 6.17.: Transconductance of 20 nm nitride MOSFETs. The parameter is the fix gate
bias during irradiation for the CLG equivalent transistors.
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Uncertainties on the Effective Capture Cross-Section

Several groups have undertaken measurements to evaluate the capture cross-sections for
electrons and holes oy,,0,. However, as the interface is strongly fabrication dependent, one
can find several references in literature.

Basic work on the Si/Si0; interface was conducted by Nicollian and Goetzberger [96], who
state numbers still used up to now on capture cross-sections (e.g. Becker et al. [97] used
o = 2.5-107cm?, based on Nicollian and Brews [33]). Depending on crystal axis orientation
and fabrication, o,, 0, span the range of [2- 1071 Tem?,2 - 1074 em?].

Jupina and Lenahan [98] studied the effect of radiation induced traps at the interface and
used for an effective capture cross-section o = 4 - 1076e¢m? for a MOSFET operated as a
gate controlled diode.

Saks [99] measured o, = 1.25-1071%¢m? and o, = 1.5-1071%em? with charge-pumping on low
interface trap devices. Previously, Saks and Ancona [100] showed measurements, where they
extracted o, &~ 1-1071%m? and a rather large range for o, &~ [3- 107 Pem?,1- 107 13em?].
However, they claim that this value seems unrealistically large and may be based on a single
set, of devices rather than a “typical” device.

A more recent work was conducted by Lenahan et al. [101], with a focus on the capture
cross-section of P, in comparison to P,,. Both types showed a realistic behavior of the
effective o ~ 1 - 10~ 10¢m?2.

Table 6.2 summarizes the different cross-sections. It is clear that from such a wide range of

Author Year Reference On op o
(em?) (em?) (em?)
Nicollian and Goetzberger 1967 [96] 2.10714 2.10717 2.10717
Becker et al. 2000 [97] 2.5-10716
Nicollian and Brews 1982 [33] e.g. 2.5-10716
Jupina and Lenahan 1989 98] 410717
Saks 1997 [99] 1.25-10716 1.5-10716
Saks and Ancona 1990 [100] ~1071% —10718  1.10716
Lenahan et al. 2002 [101] 1-10716

Table 6.2.: Summary of capture cross-sections for electrons and holes in literature. The
range of the parameters varies heavily in publications.

capture cross-sections the error on D;; from equation 6.21 cannot be determined satisfiably.
Therefore for the device the cross-section independent surface velocity s, and the surface
current density per area jg will be stated. From the current density it is only a small step
to the relevant noise contributions of depleted surfaces of the DEPFET during operation.

Avalanche Injection at High Gate Voltages

In section 3.5 the shape of the current vs. gate voltage was explained. However, in measured
data, e.g. figure 6.18, a difference to a “typical” curve (figure 3.16) can be seen.

Beginning with accumulation (positive voltage) there is a visible decrease from a high current,
which is already more than the surface generated current Ig. This is attributed to an
avalanche breakthrough at the p+ contact, indicated in figure 6.19. Especially at the edge
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Figure 6.18.: Avalanche breakthrough visible in accumulation in the diode current of a
GCD. Extraction of I; is disputable with such a device. However, extraction of Ig is possible.

Avalanche

n-Bulk

Figure 6.19.: Cross-section of a GCD through gate branches. The potential difference be-
tween the bulk and the p+ contact may lead to an avalanche breakthrough. With high pos-
itive gate voltages charge carriers below the insulator are located on a higher potential and

break through more easily.

of the implantation high electric fields may arise, which lead to an increase in current. At this
location the potential of charge carriers beneath the gate contact correspond to the applied
gate voltage. The potential difference leads to a high band bending in the semiconductor,

thus charge multiplication via impact ionization takes place.
Analysis of I; in accumulation from devices which exhibit such a behavior is difficult and in

this work the analysis is limited to the current Ig, which can still be extracted at the onset

of inversion.

6.3.2. Measurement Procedure

The diode, consisting of the n bulk and the p+ regions, is biased in reverse. The gate
voltage is controlled from accumulation into inversion. Appropriate biasing of guard rings
into accumulation and the p guard (ring) into reverse bias ensures a definite area/volume
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from which the current measured in the GCD is drawn. Figure 6.20 shows a schematic
illustration of this procedure. The gate, bulk, p+ outer ring, and p+ contact were connected

n - bulk
gate 7|
guard ring ‘
|
p+ p+ outer ring
+ +
o & O ®
1

Figure 6.20.: Schematic illustration of the GCD measurements procedure. The outer diode
(p+ outer ring) together with the guard ring ensures a definite volume of the GCD, while the
contact at the bulk is biased in reverse. The ammeter measures the current due to a sweep in
the gate voltage.

to a Keithley 4200-SCS with a pre-amplified current measurement for the reverse diode
current. The guard ring contact was biased using a Toellner TOE-8842 power supply.
An overview of the GCD devices, their biasing and properties? is given in section D.1.

6.3.3. Results and Discussion

The devices in this study were measured with a reverse bias of 2 V to 4 V. An exemplary
plot of reverse diode current vs. gate voltage can be seen in figure 6.21.

From this data the surface generated current is extracted and the surface velocity s, is
calculated. Figure 6.22 shows a first observation regarding s,, which is proportional to the
interface trap density (equation 6.21).

Surface Generated Current and Gate Area

The surface generated current should behave in a proportional way to the gate area of the
GCD according to equation 3.51. However, the data shown in figure 6.23 indicates that
although the gate area of the coarse pitch devices of Aoarse =~ 8.055 - 1072em? is nearly
twice as large as Apine ~ 4.055 - 10~2¢em? the surface current does not scale with the area.
A possible explanation of this behavior is based on the fact that between the p+ strips no
electrical drift field is present (cf. figure 6.19 and figure 3.18 for a cross-section of a GCD).
Therefore the generated charge has to diffuse to the read-out strips. Along the lateral surface
path of the diffusion current the charge carriers therein can be trapped by interface traps,
thus preventing new generation of charge at this location.
At the edge of the gate strips the generated charge is removed via the potential of the p+
contact. This ensures continuous generation at the edges. In the middle of the gates the

“The J04 unirradiated data was accidentally overwritten and was copied from NO5
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Figure 6.23.: Comparison of surface generated currents between coarser and finer pitch
GCDs.
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charge is hardly removed. The smaller the gate strips are the better is the charge removal
beyond the gate. In this sense the surface current Ig (and calculated properties thereof)
from fine gate ribbon devices is more reliable than from coarser gate areas. Table 3.2 shows
the difference in the two GCD layouts. From these parameters it is evident that from the
fine strip version more surface current is measured.

In light of this argument, one has to be careful when relying on information from literature
which disregards this aspect.

Behavior of Surface Current

In the presentation of jg = Ig/A in figure 6.23 several groups of data are visible. A concise
explanation on this behavior is difficult. From the fine structured devices the GCDs of
N04 and NO7 show the most current. A look into the GCD properties in table D.1 reveals
that theses devices exhibit the thinnest nitride thickness of 10 nm, although the biasing is
different.

The GCDs from G16 and L16 depart from the rest for a dose > 30 kGy. They exhibit
60 nm, respectively 40 nm, of nitride and received the same biasing during irradiation. The
remaining devices show considerably less current, however L03 exhibits also a 10 nm nitride
thickness.

The overview regarding the coarse GCDs is similarly confusing. A group consisting of 103,
J04, and J15 exhibits considerably more current density than the other devices. However
the nitride thicknesses there is also mixed.

At this stage no clear explanation can be given on the different behavior of Ig. The DUTs
studied in this work are too few to draw a concise conclusion. It well may be that a grouping
visible in the figures of 6.23 here turns out to be a spread over all devices. In this sense
further investigations which scan the available parameter space (biasing, dopings, nitride
thicknesses, etc.) would be needed in order to formulate final statements.

Noise

The important figure of merit is the additional noise in the DEPFET one can expect after
a certain point of irradiation. The CLG will be in depletion during operation in Belle II,
thus the surface of this contact will be generation active. The area of one DEPFET pixel
can be estimated from the layout. The design of a DEPFET from the production run PXD
6 is exemplary shown in figure 6.24. The CLG area of one DEPFET from this design is
Acra = 3.625 - 107 5¢m?. Taking a conservative route in the calculation of noise one needs
to use data extracted from a fine structured GCD since its gate width is comparable to the
CLG. Exemplary the current density from A07 and NO4 is used in the calculation. The
result is shown in figure 6.25.

The temperature dependency of the surface generated current and (derived thereof its
noise) is given by the dependency of the surface generation velocity of equation 3.55. As-
suming the other factors besides T' to be constant a change in the velocity due to a change
in the vicinity of the room temperature of 293K (=20 °C') is negligible.
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Figure 6.24.: Four DEPFETSs from PXD 6. The dashed line indicates the “elementary” cell
of one device.
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Figure 6.25.: Electron noise of fine structured GCDs during a read-out cycle of tpo = 20 ps.
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6.4. Conclusions

Three different devices are used to study the interface trap distribution of the TO project.
Measurements with MOSCAPs reveal detailed information about the distribution through-
out the band gap although the measurement technique is quite complicated and time con-
suming. The measurements presented in this chapter confirmed the existence of a typical
interface trap defect P, to be present in the TO devices. Capacitors with nitride thicknesses
of 40 nm and 60 nm showed a yet unconfirmed trap signal. From the data shown in section
6.1 it is clear that the major interface trap increase takes place slightly above the intrinsic
level E;, ie. 0.1 eV < @, <0.35 V.

MOSFETSs on the other hand reveal impacts of interface traps directly on device pa-
rameters. Whereas the subthreshold swing is used to determine the change in interface
trap density after irradiation, the transconductance g,, is an important parameter for the
DEPFET, since the internal amplification g, is proportional to g,,. The small improvement
after low doses of the transconductance may be attributed to a buried channel behavior.
However, this benefit is undone with increased scattering at the interface at higher doses.
A decrease in g, of ~ 15% has to be taken into account after 100 kGy for TO (or similar)

devices®.

The GCD technique usually offers a fast and clean access to interface traps. However, as
this study revealed, the design of the device is especially important. Finer gate structures
suffer less from diffusion effects under the gate strips and show considerably more surface
generated current. Therefore the extraction of interface trap density has been omitted since
such a statement would hardly be reliable. However, as the fine GCD structures are close
to the intended Belle II DEPFET dimensions for the CLG, the surface current from such
devices is used to estimate the additional noise one can expect due to interface traps in the
internal gate. Depending on the electric field in the insulator of the CLG more or less noise
is created by the generation active defects. After 50 kGy a typical noise contribution ranges
from 30 e~ up to 47 e~ per read-out cycle.

Sdepending on nitride thickness and biasing during irradiation
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Chapter 7.
Experiments on Oxide Damage

During the operation of Belle II several background radiation processes (cf. section 2.4)
generate ehps in the insulation layer of the gate and the clear gate of the DEPFET. One of
the main processes taking place is the trapping of holes in silicon dioxide. Due to their low
mobility the generated holes remain as trapped oxide charge Q.. in the insulator, especially
located very close to the Si02/Si interface (see also section 4.2 for a more in-depth discussion
of the radiation damage process).

The crucial effect in which )., manifests on device level is the shift of threshold voltage
Vip, in the DEPFET. In this way, the clear gate is treated similarly to a transistor’s gate
although it is not operated in the sense of a classical MOSFET.

These shifts in the PXD will have to be adjusted during the operation of Belle II in order to
ensure a proper operation point of the DEPFET. For a safer operation in the experiment
several design options, i.e. type of oxide and the amount of silicon nitride, are investigated
to minimize the effects of the shift in the threshold voltages.

The investigations in this chapter focus on the device behavior itself. Effects which arise due
to an inhomogeneous irradiation of the PXD are covered in section 10.2.

7.1. Introduction

The trapped oxide charge (mostly due to E’ center defects) shifts the reference level of the
MOS interface. The investigation is therefore split into the two parts of the DEPFET,
namely gate and clear gate.

The shifts of these reference levels are affected by design and production issues, i.e. type of
oxidation and the amount of silicon nitride. These levels are synonymously referred to as
threshold voltage V;;, since MOSFETSs, which are equivalent to the gate and clear gate, are
used as DUTs.

7.1.1. Influence of Gate Voltage Shifts

The gate voltage of each ladder of the PXD is connected to the DEPFET matrix via Switch-
ers. Each Switcher is supplied with a gate-on and a gate-off voltage. During the lifetime of
Belle IT those voltages have to be adjusted continuously or at least in reasonable intervals,
due to the ionizing radiation induced shift in V4;,. The adaption ensures a proper conduction
and off-state of the connected DEPFET matrix part.

The upper limit on these switching voltages is given by the voltage tolerance of the Switcher
which is ~ 20 V. As already mentioned, DEPFETSs from previous productions utilized thick
oxides and therefore exhibited high shifts in the threshold voltage AVy, (cf. also section
4.2.3). With these devices the operation with Switchers would have become difficult. One

111



Chapter 7. Experiments on Oxide Damage

aim in this study therefore is a parameter scan of available design/production options (cf.
section 7.1.3) of the DEPFET in order to stay well below this hard limit.

7.1.2. Influence of Clear Gate Voltage Shifts

The issue with accumulated charge in the CLG is different from the abovementioned shifts in
the gate threshold voltage. The bulk beneath the clear gate (when operated with appropriate
bias) acts as a barrier for signal electrons in the bulk of the DEPFET and for the electron
reservoir in the clear.

The height of the barrier is controlled by the clear gate voltage. The behavior of the DEPFET
during charge collection mode and clear mode is influenced amongst others also by the clear
voltage. A detailed discussion can be found in e.g. [102, 39].

If the potential of the clear gate is too negative, accumulation of holes occurs, leading to a
parasitic channel between drain and source, while the “normal” channel below the gate is
still switched off. Besides the issue of a wrong signal detection, the current flowing beneath
the clear gate might be, due to the large “width” of the CLG, so high that the amplifying
and digitizing circuits next in the read-out line get overloaded.

On the other hand, while the barrier is too low due to a more positive voltage at the clear
gate, electrons are not separated anymore between the bulk of the DEPFET and the clear
region. Depending on the clear voltage, signal charge from the bulk can either disappear
into the clear, or electrons from the clear are emitted into the bulk and are treated as signal
charge (so-called back emission).

The barrier height can be treated as a certain reference voltage of the CLG transistor, such
that Q,; leads to a shift in this voltage. As the reference level can be chosen freely, a
good value is the threshold voltage of this transistor. In this study, clear gate equivalent
transistors were investigated and the shift in the measured V;;, should be interpreted to the
effects mentioned above.

Another issue are intra-pixel variations. The amount of oxide trapped charge depends on
the electric field over the insulator and the CLG exhibits several interfaces to neighboring
potentials. Figure 7.13 shows an illustration of a possible DEPFET design with relevant
voltages. Due to the various cross-sections along the CLG region, parts of a pixel are stronger
affected by radiation than others. E.g. the region to the drift is exposed to more damage
than the region to the source. Thus, given the abovementioned effects and one common
clear gate voltage, the barrier in one region is too high and on another one it is too low.
Finding a common operation point for the CLG voltage is not a trivial task. Determining
device/design parameters which ensure minimal differences in AV}, along the pixel for such
a common voltage is one goal of this study.

7.1.3. Design/Production Options for the DEPFET

The two design options for the DEPFET production for Belle II studied for this work are:
1. the thickness of a silicon nitride layer deposited on top of the silicon dioxide layer and

2. the type of SiO5 to be used in the production of the DEPFET.
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Nitride Layer

The effect of an additional nitride layer on the radiation hardness was investigated first
by Newman and Wegener [103] with Metal-Nitride-Oxide-Semiconductor (MNOS) devices.
There, an improvement in comparison to pure MOS devices was observed, i.e. a smaller shift
in Vi, with respect to dose. Ionizing radiation creates ehps in silicon nitride as well as it
does in the oxide or silicon bulk. For it is an insulator, charge transport in the silicon nitride
is suppressed. Conduction through the nitride (of ~ 20 — 70 nm thickness) is controlled by
trapped charge therein (cf. figure 7.1 for a graphical representation). The rate of ionization
of those traps determines the “current flow” across the insulator. The electric field over the
insulator facilitates the Frenkel-Poole emission of a trapped charge by lowering the barrier
on one side along the field of the Coulomb trap, making a tunneling process of the trapped
charge more likely (cf. figure 7.1b). This model is generally accepted. However, other models
which are based on phonon assisted processes may also be valid (e.g. in [104]).

The migration of a charge is stopped until a (meta-) stable defect is reached. Studies
concerning the influence of those additional traps onto radiation hardness of MNOS devices
were done e.g. by Cricchi and Barbe [105]. At the nitride-oxide interface a small barrier
exists, leading to a halt in the “conduction” of charge carriers through the insulators. Due
to this stop, trapping at defect sites sitting close to the oxide-nitride barrier is more likely.
Traps in silicon nitride have several possible energy locations. Krick et al. [106] showed that
a typical defect in silicon nitride acts similarly to a DB defect in silicon. Thus its charge can
be +/0/-, depending on occupation. In addition, no crystal reorganization takes place in
the insulator when altering the charge state of the defect. The properties of this defect are
subjected amongst others to the growth conditions during production of the semiconductor
devices, e.g. such as the temperature during the deposition of silicon nitride ([107]).

As charge carriers can enter the nitride in various ways, the trap distribution and especially
the occupation of traps depend on the nitride layer thickness ([108, 109]).

A trivial prediction of the behavior of an MNOS structure to radiation exposure cannot be
given, since some of the traps in the silicon nitride are of amphoteric nature and the charge
state of traps depends also on thickness. Thus detailed investigations with devices which
exhibit a layout as close as possible to the desired devices are necessary.

Takahashi et al. [110] have shown that it is possible to achieve a zero threshold voltage
shift with respect to ionizing dose with an MNOS structure of appropriate thicknesses. In
their study they utilized a slanting etching method for device manufacturing, making a vast
amount of the silicon nitride thickness parameter space accessible. Positive charges in the
oxide were “canceled” by electron traps in the silicon nitride.

However, such a zero shift condition occurs only at a certain dose value; for the DEPFETSs in
the final experiment an overall smaller shift of the threshold voltage is desirable. In order to
investigate this issue, several devices with different nitride layer thicknesses are studied. Yet,
the deposition of silicon nitride is not always advantageous. Jin et al. [111] have shown that
the recombination rate of the typical P, interface trap increased after a LPCVD of silicon
nitride, which increases the noise due to higher surface generated currents (cf. section 6.3.3).

Silicon Dioxide Type

The influences of different types of silicon dioxide shall here be mentioned only briefly and
for the sake of completeness, as an in-depth discussion of this matter can be found in the
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(b)
Frenkel-Poole emission of a trapped
charge carrier.  The lowering of
the barrier on one side due to the
electric field facilitates this process.

Conduction through silicon nitride, after [104].



7.2. Measurement Methods for the Threshold Voltage

earlier sections 3.6.1 and 4.2.4. Most of this work concentrates on devices from the TO
production, where a dry oxidation process was used. However, some devices from the PXD
6 production, fabricated with a wet oxidation process, were also studied.

7.2. Measurement Methods for the Threshold Voltage

The extraction of the threshold voltage V;, can be performed both in the linear mode and
in saturation (cf. section 3.3.4). Both methods rely on the input characteristic data of
Ips(Vi), i.e. the drain-source current and the gate voltage.

Voltage and current were measured with a Keithley 4200 SCS in combination with a switching
matrix card mainframe Keithley 708B and an installed semiconductor matrix card of type
7072. The semiconductor chip with the various transistors was attached to a ceramic carrier,
which was then placed into a Zero Force Injection (ZIF) socket on a Printed Circuit Board
(PCB).

From this board Lemo 00 connectors enabled the use of small coaxial cables to Bayonet
Neill Concelman (BNC) connectors, which are located outside the measuring box. The
box provides additional electrical shielding as well as the shielding from light which would
otherwise alter the measurement. The BNC connectors of the box were attached via adapters
to Triax cables to the abovementioned measurement equipment. Figure 7.2 shows pictures
of the measurement setup.

X-ray irradiations of the devices were conducted at the Karlruhe Irradiation Center (cf.
appendix A.1).

4

(a) Measurement box. In the center (b) Measurement setup.
the DUT can be inserted into a ZIF On the bottom of the rack is the
socket. Lemo 00 cables are attached Keithley 4200 SCS, above of it is
to the BNC adapters in order to pro- the LCR meter and on the top side
vide access from outside the box. the matrix card with its mainframe.

Figure 7.2.: Measurement setup in the laboratory of the HLL. During irradiation campaigns
the setup was transported to the sites of the radiation facilities.
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7.2.1. Saturation Mode

The threshold voltage in saturation is given by equations 3.33 and 3.34. In the experiment
the drain-source current Ipg is measured with respect to the gate voltage Viz. The MOSFET
is hereby operated in saturation mode, i.e. with an applied drain voltage of Vp = -5 V.

If the square root of the current v/Ipg is now plotted against Vi a linear relationship can
be observed (see equation 3.34). A linear fit into this region reveals the threshold voltage
in saturation Vj,,, at the intersection with the Vi axis. A more detailed description is
presented in the appendix B.2.1.

7.2.2. Linear Mode

The extraction of the threshold voltage in the linear region has some advantages over the
aforementioned extraction in saturation. E.g. the change in channel length due to the pinch-
off point location and short-channel effects such as DIBL (section 3.3.5) can be neglected.
Only a moderate drain bias is applied, i.e. in most cases Vp = —0.5 V. The drain current
Ipg is measured with respect to the gate voltage V5. In the data from the derivation

O0Ips
= 1
gmlzn 8VG (7 )

a maximum can be observed. A tangent to this data point in the input characteristic
indicates the threshold voltage V}; at the intersection of the Vi axis. This value has to be
modified with the applied drain voltage Vp in order to determine the threshold voltage in
linear mode

Vi = Vi — 1/2- V. (7.2)

This method is also known as Extrapolation in the Linear Region (ELR) [36]. More details
on this method can be found in the appendix B.2.2.

7.2.3. DUT Description
Layout of TO Devices

Production of DEPFETSs can be quite time consuming due to the vast amount of production
steps, such as implantations, wafer bonding and thinning. Therefore special test structures
were developed to avoid those obstacles. In addition, the concentration on test structures
allowed parameter variations like nitride thickness, gate length, GCD pitch, etc.

Each chip of the TO-production is identified by a unique number. In table B.1 additional
information on MOSFET types is given. A typical layout is shown in figure 7.3. The chip is
roughly 6 6 mm? in size and bonded to a 40 pin ceramic carrier.

Layout of PXD 6 Devices

Test structures from the PXD 6 production run differ from those from the TO project. E.g.
they exhibit an additional polysilicon layer but no common biasing contacts or embedded
test structures such as MOSCAPs or GCDs. This results in a non-trivial attaching of bond
wires to the structures, nevertheless representative devices are accessible. In figure 7.4 a
layout of the PXD 6 chips is presented.
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Figure 7.3.: Layout of a typical TO chip. 14 MOSFETSs surround a central device, like a
GCD (here) or a capacitor. Each side (L/R) of the chip can be biased with a common gate
contact.
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Figure 7.4.: Layout of PXD 6 test structures. In contrast to TO devices no common gate
contacts are present. MOSFETs which are usually selected are designated in red.
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7.3. Threshold Voltage Shift Studies for the Gate

7.3.1. Biasing Schemes for the Gate

During the Belle 1T experiment the DEPFETS will be most of the time in an off state. Only
for read-out purposes the channel in the transistors will be switched on. This results in a
duty cycle D of

D= = ~ 0.5%. (7.3)

Therefore the DUTs in this study were irradiated only in the off state.

The gate voltage during operation of Belle II has to fulfill several requirements. E.g. the
channel has to be clearly shut off during disuse in order to minimize power dissipation.
Therefore a positive voltage at the gate is needed, as the threshold voltage of DEPFETSs
is typically at ~ 0 V. However, as the radiation damage accumulates in the device, Vi
is shifted to negative voltages. Thus an adaption is possible to reduce the gate voltage.
When stopping the adaption process at Vg = 0 V an optimal scenario of preventing further
radiation damage may be achieved (cf. section 9.3).

In this study the gate devices were irradiated with a fixed gate potential of Vg = +2 V and
with an adaptive mode (called gate adaptive or intelligent bias). In this mode the irradiation
starts also with +2 V' at the beginning (i.e. 0 kGy) but then the gate voltage is adapted
according to the (estimated) threshold voltage shift of each dose step. At the dose step in
which the voltage would have to be set to negative values the adaption is stopped and Vi is
set to zero volt. Figure 7.5 illustrates this issue.

T T T T T T T T T T T T
® Threshold voltage data
2L Gate voltage L
\.L‘ - - — Gate voltage (matched)
0 -
=
% matched (only for illustration purpose)
g 2 1
c T s Y .. T
3
£
g )
4 E -
ChiplID: G03
[ WaferlD: 5 X
DevID: 5
WIL: 20/4.5
-6 |- Proj. TO I <
Data: VthLin
Zoomed: no
L 1 L 1 L 1 L 1 L 1 L 1 L
-20 0 20 40 60 80 100 120
Dose (kGy)

Figure 7.5.: Gate adaptive mode of V; during irradiation. The adaption is stopped at zero
volt. Since the threshold voltage could not be extracted during irradiation campaigns thor-
oughly the adaption had to be done to an estimated value. The red dashed line shows that
this method is quite successful.

Another issue, which is only mentioned briefly in this work, is the study of the so-called

gated mode of the DEPFET. During the injection of charge into the rings of SuperKEKB
some of the newly injected charges are off-orbit. This results in a continuous loss of particles,
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in which the bunches are damped further and further (also called cooling) the longer the
charges stay in the rings. However, collisions and trespassing of such noisy bunches results
in an undetermined amount of charge in the internal gate of the DEPFETSs. The off-orbit
particles may hit the beam pipe, collimators, etc. and can hereby generate electromagnetic
showers. This background interferes with the normal charge collection mode of the DEPFET.
The solution is to blind the internal gate for the trespassing time of those noisy bunches.
As the internal gate potential follows the external gate voltage, the potential minimum for
electrons in the DEPFET bulk can be located on a higher level. Thus the already stored
electrons from good events would have to overcome a higher barrier to reach the clear. In
addition the alternative electrode, i.e. the clear, is made more attractive with a more positive
voltage than usual, i.e. by applying the Vijeqr,, voltage, which is usually applied for the
clear process during read-out. This results in a charge removal of electrons from the bulk
but leaves the stored charge in the internal gate from previous (good) collisions unaffected.
Therefore a study was necessary which focussed on higher gate voltages than normal (cf.
section 7.3.2). Further reading on this issue can be found e.g. in [112, 113].

7.3.2. Measurements and Results
Influence of Nitride Thickness

In the frame of the TO project several nitride thicknesses were deposited on top of the thin
Si02. The influence of the various thicknesses is shown in figure 7.6. From this data a
better performance for thin nitride thicknesses can be observed. A lower shift in V};, can
be expected due to a higher gate capacitance, additionally the amount of oxide charge is
smaller! as one can see in table 7.1. The irradiation was performed with a fixed gate bias of
Ve = 42 V, simulating an off state of the DEPFET.

ChipID DoseMax ~ AV,  tor tni  Sheet Capacitance Sheet charge Qou

kGy V. nm nm F/em? C/cm?
L03 100 36 8 10 3.83.1078 1.38-1077
G03 100 51 85 20 3.62-1078 1.85-1077
L16 100 88 8 40 3.26-1078 2.87-1077
G16 100 94 8 60 2.97-1078 2.79-1077
12U 100 8 90 30 3.27-1078 2.61-1077

Table 7.1.: Comparison between threshold voltage shift at the dose maximum and resulting
oxide charge.

Figure 7.7 shows an irradiation of PXD 6 structures with a fixed gate voltage of Vg = 42 V.
The DUT 12U on wafer 12 was produced utilizing a dry oxidation process. The oxide of 12U
exhibits a thickness of t,, = 90 nm which is only marginally thicker than the t,, = 85 nm of
TO devices. Together with the already quite thick nitride layer of ¢,,; = 30 nm a AVy, =~ 8 V
can be observed after 100 kGy. This is close to the value from TO devices (figure 7.8) which
exhibit shifts of 8.8 V' and 9.4 V for 40 nm and 60 nm.

From this data a small nitride layer is favored in terms of low threshold voltage shifts. Taking

"Hereby only the projection of the charge to the SiO2/Si interface is taken into account. No spatial
information is extracted.
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Figure 7.6.: Threshold voltage shift with respect to dose for TO devices. The data originates
from DUTs whose gate lengths L = 4.5 um are close to the final production value for the
PXD. The smaller the nitride thickness, the better the performance to ionizing radiation.
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Figure 7.7.: Threshold voltage shift of three test structure from PXD 6. The wafer of this

DUT exhibits a dry oxide.
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the changes of the gate capacitance into account, a smaller (net) amount of charge is trapped
in the insulator (see table 7.1).

A slight drawback in the interpretation of the data are the different production methods
of the TO and PXD 6 project. In the TO project the oxide was already produced to its
nominal thickness, while for the PXD 6 production an initially thicker oxide was grown which
was then thinned down later. Also the nitride layer in the TO production was deposited
twice except for the 10 nm thickness, while at PXD 6 only a single deposition took place. As
aforementioned, the production steps may have a considerable impact on radiation hardness,
so that the devices must not generally be compared. However, the data listed in table 7.1
indicates a good agreement on the issue of nitride thickness influence.

Influence of Gate Bias

The gate bias has to be adapted in the Belle II experiment (cf. section 7.3.1), therefore
a gate adaptive biasing scenario was conducted during irradiation experiments. Figure 7.8
shows the effect of this biasing method on the threshold voltage shift with reference to
Ve(0 kGy) = +2 V.
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Figure 7.8.: Comparison between a fixed gate bias and a gate adaptive biasing scenario. For
each nitride thickness with a fixed gate bias the corresponding DUT shows a larger shift in
Vin.

From this data it is clear that this adaption mode has a negative effect with respect to
device performance in a radiation environment. However, the effect is small and for devices
with a 10 nm or 20 nm nitride thickness the effect is in the order of ~ 0.5 V. Only for
devices which already exhibit large shifts, i.e. 40 nm and 60 nm, the effect is considerably

121



Chapter 7. Experiments on Oxide Damage

higher.

The influence of the gated mode on the transistor performance was studied with the DUT
06U from the PXD 6 production. It exhibits a wet oxide and was irradiated with a gate
voltage of Vg = +5 V which was then sequentially lowered to zero volts (cf. section 7.3.1).
The shift of Vi, with respect to dose is shown in figure 7.9a. After 100 kGy the threshold
voltage was shifted by ~ 7.3 V.

In this way, the gate adaption mode shows a worse performance in case of radiation hardness
than with a fixed gate potential of +2 V| as can be seen in the comparison of figure 7.9b.

Clearly, a lower threshold voltage shift with respect to dose would be in favor. However,
the trade-off is between a moderate increase in the radiation induced threshold voltage shift
and a considerably long dead time in the order of 20 % for the detector during trespassing of
noisy bunches ([114]). Thus, figure 7.9a shows a realistic estimation of the threshold voltage
shift with respect to dose which one can assume for the DEPFETSs in Belle II.

Influence of Oxide Type

The choice of the oxidation method during production influences the radiation hardness of a
device considerably. Therefore test devices from the production run PXD 6 which exhibit a
wet oxide were subjected to X-ray irradiation. The shift in threshold voltage was determined
after certain dose steps. In figure 7.10 a performance of such a device is shown.

This device also exhibits a nitride thickness of 30 nm but shows considerably lower voltage
shifts than devices from a dry oxidation process (compare table 7.1). As aforementioned,
production processes influence the radiation hardness. However, in figure 7.11 a comparison
of two DUTs of the PXD 6 production, which share most of the production steps, is shown.
A lower shift due to X-ray irradiation can be observed for the wet oxidation process.

In figure 7.12 several devices are compared to each other:

1. Dry oxidation data with a focus on nitride thickness variation from the TO project.
2. PXD 6 data from a dry oxidation process (DUT 12U).
3. Wet oxidation data of the device S1U from the PXD 6 production.

While the dry oxidation device from PXD 6 (12U) fits in the order of nitride thickness
influence, a far better behavior in terms of radiation hardness can be seen from the DUT

S1U.

As a conclusion for the study of device parameters for gate equivalent devices a wet
oxidation is clearly in favor when dealing with radiation hardness. In addition the thicker
nitride exhibits mechanical/electrical advantages, in fact it smoothes out the surface leading
to lesser occurrences of high electric fields. These high electric fields might cause a break-
down of the insulator.

The gate biasing method would be in favor of a fixed gate potential, however the issue of
noisy bunches requires a higher gate adaptive voltage which results in a higher shift of the
threshold voltage.
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(b) Comparison of a fixed
biasing scenario and a gate adaptive mode. The high gate voltage of Vg =
+5 V simulates the gated mode of the DEPFET in the Belle II experiment.

Figure 7.9.: AV, with respect to dose and different gate biases during irradiation.
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Figure 7.10.: Threshold voltage shift of three MOSFETSs from the DUT S1U. These de-
vices exhibit a wet oxide and show a maximum value of AVy, ~ [4.5 V,5.5 V] after a dose
of 100 kGy.
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Figure 7.11.: Comparison between dry oxidation (12U) and wet oxidation (S1U). Although
the wet oxidation devices show a dependency on gate length the threshold voltage shift is con-
siderably lower with such devices.

7.3.3. Summary/Conclusions for the Gate

The study of threshold voltage shifts of the gate covered many parameters. The nitride layer
thickness was investigated and an overall good performance, i.e. low threshold voltage shifts,
could be found for devices which exhibit a 10 nm or 20 nm thickness.

In addition to the devices from the TO project, several DUTs from PXD 6 were irradiated
and measured. Those devices were produced either with a wet or dry oxidation process for
the gate insulator and a better performance for the wet oxides could be observed, despite -
or perhaps because of the fact - that they exhibit a nitride thickness of 30 nm. Devices from
the TO production showed a considerable shift with a thickness of 40 nm.

Besides of production related questions, i.e. oxide and nitride, several biasing schemes
were evaluated. While a fixed gate bias of +2 V showed the best characteristics, only a
slightly negative behavior could be observed for a +2 V gate adaptive biasing. However, the
SuperKEKB injection scheme requires a gate adaptive biasing of +5 V', which in terms of
radiation hardness is less favorable.

7.4. Threshold Voltage Shift Studies for the Clear Gate

7.4.1. Biasing Schemes for the CLG

Biasing schemes for the CLG are different from those for the gate. Figure 7.13 shows a
typical design of the DEPFET. The clear gate itself has many intersections with neighboring
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Figure 7.12.: Overview of threshold voltage shifts with a fixed gate bias of Vg = +2 V.
The wet oxidation (DUT S1U) shows a good performance, although the device L03 (10 nm) is
slightly better.
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contacts. Depending on the kind of contact (e.g. drain, clear) several potential differences
arise. The difference ranges from +5.5 V (clear gate to the drift region) to —6.5 V' (CLG to
the clear). Thus not only the dependency of the threshold voltage from the dose is necessary
for radiation assessments but also the dependency on the electric field /voltage. In this study
the range was narrowed down to [—5 V,+5 V] in steps of 2.5 V. More negative voltages
can be neglected as data from literature indicates, e.g. Ma and Dressendorfer [74] provide a
collection of material.

///////////?5/////////////////

! é

Clear Gate -2.5V

o

Figure 7.13.: Illustration of a layout of four DEPFETS in a compact design option. The
voltage on the CLG has various counter electrodes which leads to an intra-pixel variation of
the clear gate behavior.

In addition, adaptive biasing scenarios were conducted. The clear gate acts as a barrier
for the electron between bulk and clear. Effects of unappropriated CLG voltages can range
from a loss in signal efficiency up to a back injection of charge carriers (cf. section 7.1.2).
Especially the region of the CLG next to the drift region is subjected to high voltage shifts.
In order to prevent an unintended behavior of the DEPFET due to the radiation induced
shift of the clear gate potential, the voltage of the CLG has to be adapted continuously
during operation, which makes such studies necessary. The adaption for the CLG studies
in this work was done in the same way as for the gate (described in section 7.3.1), with the
exception that the gate bias is always adapted and not stopped at zero volt.

7.4.2. Measurements and Results

The investigation of the threshold voltage shift of the gate revealed a good performance for
nitride layer thicknesses of 10 nm and 20 nm. Thus, the clear gate study focuses on these
two values.

Figure 7.14 shows the behavior of several DUTs which were subjected to X-ray irradiation
and exhibit a 10 nm nitride layer thickness. An overall small threshold shift with respect to
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dose can be observed, however a fast increase in AVy, is visible for a fixed gate biasing of
Va=4+5V.
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Figure 7.14.: Threshold voltage shift of clear gate equivalent test structures after certain
dose steps. On the horizontal axis the fixed gate voltage during irradiation is depicted. Error
bars represent the standard deviation to a weighted average of two V;j, values. The MOSFET'Ss
exhibit a gate length of 4.5 pwm and a nitride layer of 10 nm thickness.

The situation for the 20 nm is similar, as can be seen from figure 7.15. However, the
crucial shift at Vg = +5 V is different. The DUT EO07 exhibits a shift of

which is considerably lower than the value of the DUT NO7 of
AVth(?)O kGy)m nm ~ 13 V. (75)

Thus, contrary to the results of the gate equivalent devices, a moderately thick nitride layer
is favorable.

In order to avoid intra-pixel variations the shift in threshold voltage with respect to gate
biasing ought to be in the same magnitude. Table 7.2 summarizes the values of threshold
voltage shifts and the spread S to the median voltage. The spread with respect to the
median is also shown in figure 7.16 for 30 kGy and 50 kGy. In this comparison the devices
with 20 nm fare better than the ones with 10 nm, especially after 50 kGy.

The clear gate voltage has to be adapted to the threshold voltage shifts which occur during
the operation of Belle II. The results are shown together with a fixed biasing in figure 7.17.

In the negative region of Vi an enhanced radiation damage can be observed as well as a
reduction in the positive Vi region. The positive voltage is the main source of the spread in
the threshold voltage. Thus, a reduction of the spread S may be possible.
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Figure 7.15.: Threshold voltage shifts of devices which exhibit a 20 nm nitride layer thick-
ness. One MOSFET of the clear gate equivalent test structures is shown together with the
measurement error on the V;;, extraction in linear mode. At +2.5 V two different DUTs are
shown.

[AVW(V)  S(V) | AVu(V)  S(V) | AVW(V)  S(V) | AVu(V)  S(V)

tNq 10 nm 10 nm 10 nm 10 nm 20 nm 20 nm 20 nm 20 nm
Dose | 30 kGy 30kGy | 50 kGy 50 kGy | 30 kGy 30 kGy | 50 kGy 50 kGy
Va(V) | 3.29 | 3.66 | 4.16 | 4.72
-5 3.14 -0.15 3.17 -0.50 4.79 0.62 4.75 0.03
-2.5 2.80 -0.49 2.91 -0.76 3.95 -0.21 4.49 -0.23
0 3.29 0.00 4.16 0.50 3.09 -1.08 3.44 -1.29
2.5 4.24 0.95 4.88 1.22 4.16 0.00 4.72 0.00
5 12.92 9.63 - - 8.65 4.49 9.40 4.68

Table 7.2.: Overview of the threshold voltage after 30 kGy and 50 Gy and its spread S to
the median (in bold).
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Figure 7.16.: Spread S of the clear gate threshold voltage shifts. The spread is calculated
as the difference to the median value of one data set, e.g. differences of AV, (V) of the
10 nm, 30 kGy data.
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Figure 7.17.: Comparison between adaptive biasing (red) and fixed biasing (grey).
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7.4.3. Summary/Conclusions for the Clear Gate

Due to the layout of the DEPFET several potential cross-sections to neighboring contacts
arise, resulting in different electric fields in the CLG. In this section this influence of applied
electric field/voltage was investigated. Several DUTs were irradiated with different gate
biases. The threshold voltage shift with respect to the voltage parameter space was studied
with two different nitride thicknesses from the TO project.

It could be shown that devices with a moderately thick nitride layer of 20 nm performed
better than the comparison group which exhibits a thickness of 10 nm.

This is contrary to the results of section 7.3, at which gate structures of a 10 nm nitride
layer thickness showed the least threshold voltage shifts.

In order to reduce the spread S of the voltage shifts, a reduction of the voltages of critical
neighboring contacts within the DEPFET pixel (i.e. drift and drain) is desirable. In [39] a
parameter scan of the drift voltage was performed and a reduction seems feasible.

7.5. Summary

In this chapter the threshold voltage shift of several DUTs is investigated. The thickness of
the nitride layer in an MNOS device is of major interest. For the gate of a DEPFET a Siz Ny
thickness of 10 nm is recommended. However, the nitride parameter affects also production
related issues such as the smoothing of surfaces via the conformal deposition of nitride, in
which a thicker deposition is desired. The use of a wet oxidation process in the fabrication
of DEPFETSs in combination with a moderately thick layer of 30 nm proves to be a good
combination.

The clear gate has, contrary to the results from gate test structures, a better performance
with a thicker layer of nitride. 20 nm instead of 10 nm is the thickness of choice to reduce the
voltage spread due to other potentials of the DEPFET, such as drain or drift. This spread
can also be reduced further by lowering the amount of drain and especially drift voltage.
Such investigations were performed in [39] and shown to be feasible.

The biasing of similar devices in the studies for the gate and clear gate revealed the important
influence of the electric field in the insulator for the behavior of the device to ionizing
radiation. Most models, e.g. in [115, 74], rely on the fact of a finite trap precursor density.
At higher doses the probability of finding a remaining trap precursor for the holes in the
oxide decreases, such that a saturation of the threshold voltage is visible. However, similar
devices in this study were different only in the biasing of the gate (see especially section
7.4 for the clear gate). Nearly all showed a saturation of AV, (D) at higher doses, yet at
different levels of AVy,. Thus it is a fair assessment that the trap precursor density is still
sufficient and the origin of saturation lies elsewhere. A model for the radiation damage in
MNOS devices, based on other assumptions, is proposed in chapter 9.
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Chapter 8.
Surface Damage Annealing

The annealing of surface damage depends on several variables. Amongst them are time,
temperature and bias. Interface traps can be annealed with the use of hydrogen, like it is
done with forming gas during production. Since temperature affects crystal organization an
effect on interface trap density is present. However, without elevated temperature and/or
hydrogen incorporation only marginal changes in the interface trap density can be observed.
In the following the discussion is focussed on the annealing of trapped oxide charge, interface
trap annealing is mentioned briefly. Charge removal, or more precisely neutralization, occurs
to a large part via tunneling of electrons from the semiconductor. Two different models of
this time dependent process are compared and results on the fraction of anneal charge are
presented.

Results after room temperature and elevated temperature annealing are shown besides a
brief introduction into the annealing mechanism.

8.1. Introduction

DUTs which were measured for this thesis exhibit a negative shift in threshold voltage after
irradiation. Therefore it can be readily concluded that positive charge is accumulated in the
insulator and a huge fraction of the charge is probably located close to the Si/SiO2 interface
(see section 4.2 for explanation).

Figure 8.1 shows an idealized trap distribution of oxide trapped charge close to the interface.

The removal of a classical E’ defect is the neutralization of the trap site with an electron,
thus restoring a neutral charge of the two Si0s tetrahedrons. This annealing is possible via

1. tunneling of electrons to defects sitting spatially very close to the interface or

2. generation of charge pairs in the insulator itself and electron participation at defect
sites.

Although a clear distinction between those two cannot be made (e.g. temperature has an
effect on tunneling), in the following section a closer look at the physics of tunnel annealing
is attempted.

An important aspect of annealing is that it is (up to a certain fraction) temporary, as shown
by Schwank et al. [117]. They switched the biasing during elevated temperature annealing
and could restore a considerable fraction of the defects believed to be annealed. Further
studies showed that a more complex picture on atomic level was needed and eventually Lelis
et al. [118] proposed a dipole model in which the tunneling electron does not remove the
trapped hole but instead populates the remaining p-orbital at the neutral silicon (see e.g.
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Gate SiO Si

+V annealing

thermal annealing

Figure 8.1.: Idealized distribution of trapped oxide charge. Electrons from the conduction
band edge can anneal defects close to the interface within a typical distance z,,. Thermally
generated ehps in the oxide can take part in the annealing process up to a certain energy level,
after [116].

figure 4.6¢). Only if the two silicon atoms are close to each other a true annealing, at which
the binding between them is restored, can take place.

8.1.1. Tunnel Annealing

Defect sites in the SiOy sitting close to the interface can be neutralized with tunneling
electrons from the silicon conduction band. However, this mechanism anneals only the
fraction of defects which also have an appropriate energy level within the SiOy (see e.g.
figure 8.2). Tunneling will lead to a fast decrease in accumulated oxide trapped charge with
respect to time, yet as the tunnel probability decreases the annealing takes longer and longer
until eventually a stable configuration is reached.

One explanation is to describe a tunneling front of annealing that can be expressed via the
depth x,,(¢) in SiO2 to which for a given time all oxide trapped charges up to this depth
have been annealed [119].

Since the tunnel probability decreases exponentially, the depth can be explained by

1 t

tn(t) = 55 n (to> : (8.1)

with the tunnel barrier height parameter § and ty as a reference time. The amount of
annealed traps can be extracted if a trap distribution n(z) is assumed. E.g. a fast decrease
beyond the interface is given by

n(z) = nge 7, (8.2)
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Figure 8.2.: Energy band diagram of the Si0O5/Si interface; for simplification only two en-
ergy trap levels are shown. Positive oxide charge traps are located spatially and energetically
different in the oxide. Trap sites close to the silicon conduction band can be easily annealed
via tunneling electrons (trap level 1). As the probability for finding a tunneling electron de-
creases exponentially with distance, parts of the trapped charge remain. Charge in higher
traps (level 2) cannot be annealed. An elevated temperature is necessary to lift electrons to
the appropriate level.

in which A1 is the characteristic trap depth and ng the trap normalization [75]. The amount
of annealed traps N (t) is calculated via

et
N(t) = /0 n(x)dz (8.3)

_ _% [(;)gg - 1] . (8.4)

For changes in the amount of annealed charge AN (t)

AN(t) = N(t) - N(0) = =" [(t) 26] (8.5)

can be simplified further. According to [120], taking the anneal front to be small in com-
parison to the thickness of the oxide toy, i.e. Ty << tor = A — 0, equation 8.5 modifies to

. no t
lim AN(t) = —In| — | . 8.6
f AN(0) = 551 () (86)
Under this assumption, the change in the threshold voltage/flat-band voltage with respect
to time is then given by
qtom no t )
AVy(t) = — -—In{—), 8.7
(1) €si0, 28 <to ®.7)

which was observed in experiments [121, 60)].
However, the above statements rely on several assumptions, like the behavior of the tunneling
front z,, in equation 8.1 from McLean et al. [119] and also on the trap distribution n(x) in
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the oxide in equation 8.2. If one of the two assumptions is not entirely correct deviations
from the logarithmic model are possible, as it is pointed out e.g. in Oldham et al. [120].

In the studies of Wei [75] a exponential behavior of annealing vs. time was fitted with
considerably accuracy, assuming a different trap distribution. Thus, a comparison of the
two different approaches is necessary.

8.1.2. Thermal and Bias Annealing

Several processes profit from elevated temperatures, so that the term “thermal annealing”
might be misleading. Elevated temperature increases the amount of available ehps both in
the silicon bulk and also in the oxide. Only the electrons in the oxide perform a pure thermal
annealing by reaching defect sites up to a certain energy level as it is indicated in figure 8.1.
Besides the increase in electron concentration in the silicon, elevated temperature enables
annealing of trap sites which are located energetically higher than at room temperature
(illustrated in figure 8.2). However the barrier height between Si/SiO3 of 3.1 eV will not
be overcome by temperature alone.

The use of a positive potential at the gate contact may lead to a tilt in the energy band
diagram so that electrons can tunnel into energetically higher traps. Also, it increases
the available amount of electrons in the conduction band due to the MOS interface. The
DEPFET in the final Belle II experiment will exhibit all kinds of different electric fields
in the clear gate insulator while the gate on the other hand will mostly be in a zero field
condition. Therefore no special bias annealing study was conducted within this work and
the devices annealed unbiased.

A third influence, i.e. photo generation of ehps in S% and SiOs, is not discussed in this thesis.
Although the DUTs were not entirely sealed from solar radiation they were not especially
exposed, thus this topic can be omitted.

8.2. Room Temperature Annealing

8.2.1. Comparison of Annealing Behavior
Annealing of MOS Capacitors

In section 8.1.1 a logarithmic dependency of the flat-band voltage with respect to time was
proposed. In figure 8.3 four MOSCAPs were evaluated with this assumption and although
the overall fit characteristic results are not entirely good a common slope for the devices Q07,
Q12 and B12 can be observed. The device BO7, which exhibits a 20 nm nitride thickness,
shows a smaller slope. A lower trap distribution density ng might be a reason for this
observation (cf. equation 8.7).

As a comparison the four devices were also subjected to an analysis of the form

Vip(t) = A(1 —e7t/7), (8.8)

referring to a model in which a certain fraction of trapped oxide charge is in tunneling
distance and can be annealed away.

This analysis performs very well as can be seen in figure 8.4. For the lifetime of the traps
T two groups can be estimated. Q07 and Q12 anneal faster with 7 =~ 50 h and for BO7 and
B12 a much longer lifetime of 7 ~ 85 h is visible.
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When comparing the two different model approaches of figure 8.3 and figure 8.4 a better
performance of the exponential fit can be deduced.

However, a comparison of the total fraction of annealed charge reveals an interesting
connection. The fraction f is given by the the relation of the shift at time ¢ to the total
shift,

_ VeB(t) = VPBunirrad
VrB (t = O) — VFBunirraa '

In figure 8.5 the flat-band voltage after the irradiation was set to one and would be zero if
all the accumulated charge had been annealed away. From this point of view nearly all the
capacitors anneal in the same way, except for the DUT B07. This device exhibits a faster
anneal rate than the others, yet at the maximum anneal time the difference is only in the
order of 5 %.

Another puzzling feature of all the devices which are shown in figure 8.5 is the common
reverse annealing peak at ~ 80 h. Such an effect can be attributed to device annealing
rebound mechanisms as they were first reported by Schwank et al. [117] (cf. section 8.1).
Even with zero bias voltage at the gate some small fractions of reverse annealing were
observed but the overall trend in the annealing mechanism was not changed (see e.g. [122,
123, 66]).

(8.9)

Annealing of MOS Transistors

The annealing of MOSFETSs is similar to the annealing of a MOS capacitor. For CLG
studies the transistors were subjected to a gate bias during irradiation. The electric field in
the device does not determine the spatial occupation of traps in the first place, but rather
influences charge yield and timing response after irradiation pulses ([66]). However, the
electric field does have an impact on the hole transport and depending on the dose rate an
annealing during irradiation cannot be neglected. If a gate bias is present, the electron/hole
concentration at the interface will influence the annealing response of the device.

Figure 8.6 shows the fraction anneal of devices with a 10 nm nitride thickness subjected to
a gate bias during irradiation.

A clear dependency on the applied gate bias during irradiation cannot be deduced. A
hypothesis may be that under zero bias up to positive bias the traps closer to the interface
are occupied, which then results in a faster anneal. The positive potential during irradiation
may have resulted in a small annealing during irradiation, so that traps close to the interface
were already neutralized at the end of irradiation. Thus later on a slower annealing of devices
with Vo = 2.5 V and 5 V can be observed.

During irradiation, negative gate bias already hinders the hopping electrons from reaching
the traps close to the interface, which results in poor tunnel annealing.

This hypothesis is somewhat contradicted by the results with devices which exhibit a 20 nm
nitride layer. The resulting fraction anneal is shown in figure 8.7.

The device E04 with Vg = 0 V during irradiation seems to perform better than the com-
plementary device N04, cf. figure 8.6. However, the devices E05 and E07 perform in a
similar way as the devices with the lower nitride thickness, supporting the hypothesis.
From the data at hand no decisive conclusion can be drawn in the issue of pre-bias depending
annealing. Additional measurements, especially with devices with a zero gate bias, would
be needed.
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Figure 8.3.: Overview of the annealing amount in MOSCAPs. Each data set was fitted with
an Vpp(In(t)) dependency.
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Figure 8.4.: Overview of the annealing amount in MOSCAPs with an exponential behavior
of the annealed flat band voltage AVrp(t).
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Figure 8.7.: Fraction anneal of MOSFETSs which exhibit a Si3/N,4 thickness of 20 nm.

Besides the fraction anneal, it is clear that devices which exhibited a positive voltage on
V& during irradiation have a higher oxide trapped charge concentration. The fraction anneal
shows what percentage of the threshold voltage shift has been removed by this charge.

The shown figures reveal a nearly universal trend in this issue. The considerably faster an-
neal of devices with a 20 nm nitride thickness (cf. figure 8.5) from MOSCAP measurements
is found with the studied MOSFETS, too.

The already mentioned exponential behavior of the threshold voltage vs. the annealing
time in equation 8.8 can be found with the studied MOSFETs as well. Figures 8.8 and 8.9
summarize the data of the different DUTs. The data was subjected to a In operation and
a linear fit was applied. The data point directly after irradiation, ¢ = 0, is therefore lost.
However even with this reduced data a good agreement between data and fitted behavior
can be observed.

Summary

From the data shown in this study no clear distinction between a simple exponential model
and the logarithmic model can be made. Whereas the studied MOSCAPs can be fitted
reasonably well with the model proposed by McLean et al. [119] a better accordance can be
observed with the simple exponential model. The shown MOSFETSs depend also very well
on an exponential behavior of time.

The typical time constant of MOSFETSs is shown in figure 8.10 and is similar to the ones
which can be observed from MOSCAP studies (~ 50 h and ~ 80 h). The devices which
exhibit a longer anneal time are J04 and L04 (both with a 10 nm nitride thickness) in
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contrast to the devices BO7 and B12 (20 and 60 nm). Thus a dependency on nitride thickness
alone is hardly valid. To obtain a clearer picture on this issue, detailed trap investigations
would be needed. However, for the final experiment the relevant information is the threshold
voltage after a long-time anneal period.

From the shown fraction anneal figures a conclusion for the Belle II experiment can be
drawn. The dose rate in the experiment will be much smaller than during the irradiation
experiments for the studied devices and of course there will be idle times of the detector
in which no beam will be present. Thus a continuous annealing will take place and despite
the various amounts of radiation damage in the oxide due to the applied gate bias during
irradiation, the final amount of threshold voltage shift will be reduced by ~ 20% — 25%.

Occurrence

0
30 35 40 45 50 55 60 65 70 75 80

T (h)

Figure 8.10.: Occurrence of the anneal time constant 7 in MOSFET annealing.

8.2.2. Interface Trap Annealing - Latent Build-Up

For a real annealing of interface traps hydrogen would be needed. However, according to
literature the build-up of interface traps is a multi-type process, see e.g [124, 65]. This
results in a retarded increase of interface traps. Figure 8.11 shows a summary of this issue.
The data is the weighted average of the 14 MOSFETSs according to the single measurement
errors, the error bars represent the standard deviation to the weighted average.

Figure 8.11a shows a detailed view of the latent interface trap build-up on a short time
scale, while figure 8.11b focuses on the long term aspect in which a small decrease in trap
concentration can be observed.
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Figure 8.11.: Evolution of interface trap increase of MOSFETSs with respect to the anneal
time. A latent build-up is visible. The mean of the data is the weighted average with the stan-
dard deviation as error bars.
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8.3. Elevated Temperature Annealing

8.3.1. Description of Experiment

In this experiment an irradiated DUT was exposed to three temperature cycles with char-
acterizations before and after the heat treatment.

The DUT is a gate equivalent structure from the TO project, i.e Chip G16. It exhibits
a 60 nm nitride layer and was subjected to an X-ray irradiation of 100 kGy prior to the
heat treatment. The temperature treatment was done with an ATV SRO 703 Reflow oven.
Nitrogen was used as an atmosphere during the heat treatment, to ensure that no hydrogen
contamination took place during heating. After heating, the characterization was performed
at room temperature roughly one day later. Temperature during heating was supervised
with a temperature sensor. Each heat treatment lasted for 1 h, selected temperatures for
the first and second hour were 200°C' and for the third hour 250°C. The stability of the
selected temperature on DUT level can be seen in figure 8.12.

250

200
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@
=]
T

Temperature (°C)
=
8
T

50

Temperature DUT
Temperature Set
" 1 "

N [ [ [ [ [ 1 1
-10 0 10 20 30 40 50 60 70
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Figure 8.12.: Temperature stability of the heat treatment. To achieve 200°C at DUT level,
the oven had to be set at roughly 250°C.

8.3.2. Results of Transistor Annealing

First, an improvement in threshold voltage can be seen from the shape of the curves in
the input characteristics, see figure 8.13a. The evolution of the threshold voltage with each
temperature step is shown in figure 8.14. It can be seen that already after 1 h with 200°C a
huge portion of the threshold shift can be annealed away, a second hour with this temperature
is less effective, but still a minor improvement is possible. In order to anneal more of the
trapped charge higher temperatures are required, as can be seen from the last step with
250°C.

Figure 8.13b shows the transconductance of a selected MOSFET from the chip G16. While
room temperature annealing has a slightly negative influence, already 1 h with 200°C' is
sufficient to restore the g,, to its original value, as can also be seen from figure 8.15b.

In addition, the subthreshold swing (see figure 8.15a) shows nearly the same behavior as the
transconductance from figure 8.15b. While a fast degradation takes place with irradiation,
an additional degradation with room temperature annealing is visible. This deterioration of
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performance might also happen considerably fast (in comparison to the 250 days of room
temperature annealing) after irradiation. In [124] a typical increase in this latent interface
trap build-up started after > 105 s(~ 27 h). Dose rate effects for interface traps (e.g. dose
rates in [94]) can in most cases be attributed to this latent build-up [66].

In addition, the combined behavior of g, and swing is in good agreement with the formation
of interface traps, since they are visible as mobility degradation in the transconductance
(leading to a lower g¢,,) and in an increase in swing. Already one hour at 200°C' is sufficient
to achieve nearly the same value as prior to irradiation.

8.3.3. Results of GCD Annealing

An interesting question in the whole subject of thermal annealing is how to reduce surface
generated current. As aforesaid, the GCD is designed to investigate surface currents. With
its large gate area this effect becomes visible. The gate controlled diode therefore is a
good measuring device. Figure 8.16a shows a summary of the diode reverse current vs.
gate voltage from initial characterization up to the last temperature step. Clearly, X-ray
radiation caused a strong increase in current and a shift for the onset of depletion.
Comparing the shift in depletion voltage from the GCD, figure 8.16b, with the evolution of
the threshold voltage shift in figure 8.14, there is a recognizably larger shift in the GCD and
also a better room temperature annealing than with MOSFETs. However, biasing conditions
and structure of the transistors are different in comparison to the GCD. When looking at
the effect of enhanced thermal annealing, the reductions are comparable and the trends in
both plots are similar.

Figure 8.17a shows the increase of the surface recombination velocity s,. Directly related
(via equation 3.55) to this quantity is the density of interface traps, shown in figure 8.17b.
Exemplary a cross-section of ¢ = 2 - 107" ¢m? is chosen, however the remarks in section
6.3.1 regarding the issue of the various capture cross-sections have to be kept in mind. This
value originates from Wei [75], who also used HLL devices. It is obvious that the surface
generation is reduced drastically when exposed to the temperature treatment.

8.4. Impact on PXD/Belle Il

The aforementioned elevated temperature annealing studies are not in total relevant for
Belle II. It has to be said that the PXD itself will be operated at room temperature or a
temperature lying close by!. Therefore the enhanced temperature treatments can only be
relevant for experiments which exhibit an easy access to the detector and a robust mechanical
design which can resist the elevated temperatures.

However, the presented temperature study shows the characteristics of the DEPFET to deal
with radiation damage. Especially the reduction of surface generated current is only possible
(in the studied scenario) with elevated temperature, as shown in figures 8.15a and 8.17.
The annealing of threshold voltage shifts at room temperature is a relevant condition which
has to be taken into account. In the experiments in this study, radiation facilities were used
which exhibited higher dose rates than in the final experiment. Therefore, together with the
shut-down times of Belle 11, a continuous annealing takes place over time. For the threshold

!The cooling system is designed to keep the PXD in the range of [0° C,30°C] [125].
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Figure 8.14.: Threshold voltage evolving with irradiation, room temperature annealing and
heat treatment. Error bars represent the standard deviation of all 14 MOSFETSs of the DUT.

voltage shifts a value at roughly 75 % — 80 % of the shifts encountered in chapter 7 should
be used.
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(b) Interface trap density changes with radiation and tem-
perature. No hydrogen was added during the temperature treatment.
For the evaluation a cross-section of o = 2 - 107% ¢m? was assumed.

Figure 8.17.: Overview of derived characteristics. Interface recombination velocity and inter-
face trap density are proportional to each other.
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Chapter 9.

Proposed Model for Radiation Damage in
MNOS Devices

This chapter is dedicated to a proposed model of the radiation induced threshold voltage
shift in MNOS devices. The key aspect of the model is the charge yield of the generated ehps
in the insulator. Other models rely on the trap precursor density for E’ center. However,
measurements in this thesis on similar devices with different biasing showed that a saturation
of precursors cannot be the origin of the saturation in AV, (D).

The MNOS composition of the insulator is common in all the devices in this thesis. The
model was evaluated with devices from the TO project only, due to the fact that the pro-
duction influence in AV}, can be neglected as it is the same in all devices.

A test of the model to single datasets is made followed up by predictions of the threshold
voltage shift for different devices.

9.1. Motivation for a Model of Radiation Damage in MNQOS
Devices

The origin of the shift of the threshold voltage of MNOS devices due to ionizing radiation is
the trapping of electric charge in both insulator materials. A model to describe this effect
should therefore include these two materials. Previous models, e.g. in [115, 74, 75], are
based on a finite trap precursor density of the form

Ny = No(1 — e~°"). (9.1)

Here NV; is the density of trapped charge, Ny is the density of precursors, and o is the capture
cross-section for the hole fluence 1 that cross the trap sites.

The various biasing studies for the clear gate (cf. section 7.4) revealed a saturation at higher
doses. However this saturation was always at different levels of AVyy,. It is thus fair to state
that the finite density of precursors is not the leading cause of saturation.

The following model is based on the idea of Raparla et al. [126] but was extended and
modified!.

The proposed model could serve as a tool in further productions of MNOS devices. The
behavior to ionizing radiation damage could be predicted to a certain degree, making design
considerations for the radiation hardness easier.

!Commercial MNOS structures are used as memory devices. However, the devices studied for this model
exhibit a relatively thick oxide of t,, = 85 mm in comparison to the thickness of commercial devices
with toe & 2 nm ([127]). Due to the thin oxide layer electrons are able to tunnel the oxide barrier very
effectively. Therefore this model does not apply for such thin insulating layers of SiOa.
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Chapter 9. Proposed Model for Radiation Damage in MNOS Devices

9.2. Charge Yield and Trapping

The basic idea of the model is that the amount of charge (initially created by ionizing radi-
ation) which can be trapped in the insulators is based on a charge yield depending on the
electric field over the insulator. The stronger the electric field is, the more charge separation
takes place and recombination is suppressed. In the range of the electric fields in this work
(= [-25 %, 15 %]) the yield can be assumed as a linear function (see e.g. [128] and [60]).
In the next step, a mechanism is introduced to describe the saturation of AVy, at higher
doses. This is done via reducing the electric field in the insulator by the trapped charge.
Trapping can occur at defect sites in the bulk and at the boundaries of both insulators. How-
ever, detailed microscopic information on the location of defect sites cannot be determined
with the data at hand. Thus only the projection of the charge to the insulator boundaries
is taken into account.

Since Si03 is known to preferably trap holes the boundary Si/Si0Os is assumed to be only
positively charged. The interface SiO2/Si3Ny is assumed to be either positively or negatively
charged. An illustration of the model concepts is shown in figure 9.1.

Keox

electrons

o
. V
Q r— - - -
photon conversion L4 ®
Q z
[ ]
= Jtrap sites
+V o ‘ [
6Khox
/
Metal Nitride Oxide Silicon
/Polysilicon

Figure 9.1.: Illustration of the MNOS interface. Incoming ionizing radiation (e.g. via pho-
tons) is converted in the insulators and dependent on the generation parameters K (explained
in the text) a different amount of electrons and holes is trapped at defect sites in the insula-
tors.

The charging of trap sites is realized with different parameters. K hox describes the gener-
ation and trapping of holes in the oxide. The amount of charge increases the more insulator
material is present as an absorber for incoming irradiation. This is described with the two
thicknesses of the insulators, t,, and t,;.

The generation of holes in the nitride and subsequent trapping at the SigN,/SiO2 bound-
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9.3. Applied Voltage and Resulting Electric Field

ary is described with the parameter Khni. For simplification the common generation and
trapping of electrons from both insulators is represented by the parameter Keox?.

External electric fields in the insulators are taken into account via the parameters Eg.y,,
and Egg, .. At the beginning, i.e. dose D = 0, they determine the initial charge yield.
However, even if the electric field is zero, a small amount of charge may escape the recom-
bination process, e.g. via diffusion. To take this effect into account a parameter Geopst is
introduced into the yield.

For the Si/Si0; interface the charge o, with respect to the dose D is then given by

dqox
dD

1
= Khox - tox . (2(qm - qo;,;) + Eextoz + Gconst) . (92>
€ox

For the Si0O5/Si3N, interface the equation is slightly different because both insulator layers
contribute, thus

dqn; ) 1
dqg = Khni-t,; - <2€m(Qn2 + QOx) + Ee:ptm- + Gconst)
1
—Keox -ty - (2(qm - QO:E) + Eextoz + Gconst) . (9'3)
€ox

This set of linear coupled differential equations was solved using Mathematica 6.0 with

(9.4)

9oz (0) =0
0 (9.5)

Adni (0)

as boundary conditions. The shift in threshold voltage was calculated using a capacitor
plate model of the MNOS interface. The series circuit of the nitride and oxide capacitor
constitutes the total insulator capacitance.

9.3. Applied Voltage and Resulting Electric Field

9.3.1. Potential for the Clear Gate

For the electric field over the insulator two cases can be separated:
1. VGate < ‘/th
2. VGate > Vth

In the first case (see e.g. figure 9.2a) a conducting channel is established, with a potential
of 2@ p. The difference of Viggee to Vi, drops over the insulator.

In the second case of a higher gate voltage, the channel is suppressed and the potential
difference of Vi and Vigate is relevant. The bulk potential reaches up to ~ 0.4 um to the
interface. The potential difference drops over the insulator and partially over the silicon (see
figure 9.2b).

2This assumes equal generation and trapping processes in both insulators. The higher mobility of electrons
in comparison to holes justifies this assumption to a certain degree. However, a more detailed view on
the processes would require a different treatment of electrons in their appropriate insulators.
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a) VGate < Vth b) VGale > Vth
VGate [~ iﬂf b
Vo (5+2V) v, T \ Vo (5+2V)

<
|
|
|
N
<
<

Vow /

Gate

Figure 9.2.: Illustration of potential and electric field for the clear gate equivalent test struc-
tures from the TO project. In a) the potential drops over the insulator, in b) a small amount
of silicon is included.

0.3.2. Potential for Gate

The potential at the gate is determined by the properties of the internal gate. If a voltage
is applied which is higher than V;;, the internal gate will follow this voltage, since it is a
floating potential. Irradiations with gate equivalent test structures were conducted with a
fixed Vo = 2 V and they exhibit a threshold voltage Vi, ~ 0 V. This results in a zero
potential over the insulator and therefore zero electric field in all devices studied for the
model.

The situation becomes different when considering scenarios where the gate voltage is adapted
or inhomogeneous irradiation already leads to a conducting channel, whereas other DEPFETSs
are still off. In such a case the conducting channel is the corresponding electrode and the
electric field must be calculated to this potential.

9.4. Fitting of Data

The solution of the differential equation was implemented in a ROOT? program and used for
fitting the data from the TO project. Hereby a fitting tool, which could simultaneously fit
different datasets with only the model parameters (K hox, Khni, Keox and Geonst) available
as degrees of freedom, was developed.

In order to gain an oversight of the parameters similar datasets were fitted together. For
this purpose only devices which exhibited a fix biasing during irradiation experiments were
used. Adaptive biasing would implicate a dose dependency of the external electric fields
and thus require a change in the model equations 9.2 and 9.3. In addition, only data from
measurements which were conducted in the linear regime of the MOSFETs was used to
prevent alterations of the measured V, e.g. due to DIBL (cf. section 3.3.5).

In addition side effects, which can occur at the interface of the insulator close to source and
drain (i.e. lateral electric fields) were neglected. Typical results are shown in figure 9.3.

3http://root.cern.ch
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Figure 9.3.: Fit of model equations to the measured threshold voltage shifts. Model param-
eters were extracted from such fits. Quantities like the external electric field are set as fixed

values in the

model.

0.5. Model Parameters

A dependency on the appropriate electric field could be found for the quantities which are
inherent in the model, i.e. Khox, Khni, Keox, and G.ost- The quantities were extracted
from isolated fits to each dataset and arranged to their appropriate electric fields. This is
shown in figures 9.4 to 9.8. This dependency on the electric fields is hardly surprising since
the transport equations for the generated charge are missing in the model. For simplicity
these were omitted and the motion and trapping of charge carriers is included in the model
parameters. Table 9.1 summarizes these parameters and the values returned from the fits
are stated in table E.1 (appendix E).

Quantity Appr. el. field Description

Khnig Eegt,, Generation/trapping of holes for a 10 nm nitride thickness
K hnigg Eeut,, Generation/trapping of holes for a 20 nm nitride thickness
Keox Eegt,, Generation/trapping of electrons for both oxide and nitride
Khox Eegt,, Generation/trapping of holes in the oxide

G eonst Eegt,, Finite generation of charge

Table 9.1.: Overview of model parameters and their dependency on the external electric

field.

In order to make proper predictions a simple look-up of the parameters had to be found.
This was done by using appropriate equations to describe the behavior of the parameters

due to the electric field. Additional dependencies for the parameters are:

o Khni.

In addition to a function of the electric field, a dependency on the nitride
thickness could be found for the parameter Khni, as shown in figures 9.4 and 9.5.

e Keoxr and Khox. These two depend on the electric field, as shown in figures 9.6 and
9.7. Possibly the parameters additionally depend on the oxide thickness, yet this could
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Chapter 9. Proposed Model for Radiation Damage in MNOS Devices

not be investigated. All devices exhibited the same oxide thickness in this study.

® Geonst- This parameter was used in the yield for both oxide and nitride, because the
introduction of more parameters would have lead to an overfitting of the observed data.

—~ 7 X2/ ndf 5.345/1
= pO -7.125e+004 + 0.4243
:—3 C pl 249+ 17.25
s 6 p2 6.044 + 1.323
L F p3 63.77 + 5.566
£ S
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— -

£ 4

X -

1:l—|||||||||||||||||||||||||||||||||||||||||
-12 -10 -8 -6 -4 -2 0 2

4 6 8
El. Field E,, (MV/m)

Figure 9.4.: Dependency of Khni on the electric field present in SigNy for 10 nm nitride
devices. The used function is Khnitg = (p1 - Eni + p2)/(E2;, + ¢1 - Eni + ¢2) (equation 9.6).
Scaling of values was introduced to aid the fitting algorithm.

The look-up table for the parameters is used via fitting these equations to the extracted
fit parameters (parameters like p; and ¢; are independent for each equation/quantity):

Khnirg = (p1 - Eni +p2)/ (B + @1 - Eni + q2) (9.6)
Khnigo = (p1 - Eni +p2)/(Epi + @1+ Eni + q2) (9.7)
Keoxr = pl/(EgaC +q1- Fox + q2) (9.8)
Khow = p1 - B3, + po - EBoy + 3 (9.9)
Geonst =1+ Eop +p2 - Box + 13 (9.10)

9.6. Comparison of Prediction and Data

With the aforementioned parameter description it is possible to predict the radiation damage
for a limited set of devices. Since only one oxide thickness was available, a prediction to other
oxide thicknesses has to be considered with caution. If the parameters do not depend very
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Figure 9.5.: Dependency of Khni on the electric field present in Siz/N4 for 20 nm nitride
devices. The used function is Khnisg = (p1 - En;i +p2)/(E2; + q1 - Eni + q2) (equation 9.7). The
values of 20 nm devices are smaller for corresponding fields than in 10 nm devices. Scaling of
values was introduced to aid the fitting algorithm. The blue dashed line indicates the starting
values of the fitting algorithm.
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Figure 9.6.: Dependency of the parameter Keox on the electric field in SiOs. Keox =
p1/(E2, + q1 - Eor + q2) (equation 9.8) was used as a fitting function.
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Figure 9.7.: Generation of holes in SiO5 depending on the electric field. Equation 9.9,
Khox = p1 - E%, + pa - Eoy + p3, was used for fitting the initial fit results.
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Figure 9.8.: Yield parameter G.ons dependency of the electric field in SiOs. Geonst Was only
determined with respect to E,;, the value is then the same for both insulators. As a fitting
function equation 9.10 with Geonst = p1 - E%, + pa - Eor + p3 was used. The blue dashed line
indicates the starting values of the fitting algorithm.
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Figure 9.9.: Comparison of Khni for available nitride thicknesses. Thicker nitrides could be
treated similar to the 20 nm device.

much, or in the best case not at all, on the Si0Os thickness, such an estimation is possible. In
addition, choosing another nitride thickness than 10 nm or 20 nm can lead to false results,
however as figure 9.9 indicates, thicker nitrides tend to behave similar to the 20 nm layer.
Yet, since only little data is available for thicker nitrides, no conclusion can be drawn on this
matter.

In figures 9.10 to 9.22 predictions by the model are shown together with corresponding
data. The error areas were calculated using the values and errors given by the fits of the
initial fit parameters. To these data points the fit functions (e.g. equation 9.6) were ap-
plied. The resulting errors on the parameters (p; and ¢;) were propagated to the appropriate
equation and, together with the required electric field, values and errors for quantities of the
model (i.e. K's and Gonst) were calculated.

The resulting range of these quantities was then given to a MC generator which randomly
used this specific variable and its error (e.g. Khniig £ 0xhni,,) to create variables in a
Gaussian distribution. These values were then put into the solutions g, (D) and gn;(D) of
the differential equations 9.2 and 9.3.

The model parameters used for the predictions are listed in in table E.1 (appendix E).

In table 9.2 the observation of the studied DUTSs is summarized. Some predictions deviate
too much from the comparable data. In these cases, the likely cause for the discrepancy is
listed along with the used parameters and the prediction.

A distinct reason for the partially bad behavior of the prediction is not trivially found.
As can be seen from table 9.2 the worst prediction is found with the two devices E04 and
NO4. These two were irradiated with a zero gate bias, which resulted in a relatively low
electric field in the oxide of Eyy,,, = —8.8 MV/m and Eyy,, = —9 MV/m, due to the
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ChipID  Observation Cause (Params in P) Vo tni
(V) (nm)
A07 Curve shape reproduced well, Geonst is too low in P -2.5 20
M is higher than P (5V vs. 3V)
E04 P is bad (stays at 1V) Khox too low 0 20
(2 orders of magn.)
E05 Curve shape reproduced well, P is higher than M Geonst 1s too high 2.5 20
E07 At low doses OK, P lower than M at higher doses  Khox too low 5 20
GO03 Good prediction (Gate) - 2 20
103 Good prediction - 2.5 20
104 Prediction is bad, M is higher than P (5V vs. 3V)  All K parameter too low -5 20
Jo4 Prediction OK Keox too low -5 10
L03 Good prediction (Gate), P is higher than M Geonst too high 2 10
Lo4 P at low doses bad, fine at medium doses Khox too low -2.5 10
No04 Worst prediction Geonst much too low 0 10
NO05 Good prediction - 2.5 10
No7 Good prediction - 5 10

Table 9.2.: Overview between the Prediction P of the model and the measured data M for
comparison.

aforementioned biasing scheme. At this field, the prediction of either Khox or Geonst is
amiss for one of the devices.

Devices for which the predictions are also misaligned to the measured data are A07, EQ7,
104, and J04. With theses devices the origin of the misbehavior cannot be clearly identified.
However, the likely candidates are the parameters Khox and G .ynst from which most of the
misalignment results.

This model excellently matches single datasets, i.e. MOSFETSs with similar electric fields.

Predictions, depending on nitride thickness and electric field in the insulators, are possible.
Although the results are not entirely good, a model which is able to do so with sufficient
precision has not yet been published.
A Dbetter fit/estimation to the model related parameters (K's and Geonst) with respect to
the electric field would of course result in a better prediction. However, a reduction of the
parameter space was necessary in order to prevent a simple reproduction of the data. Nev-
ertheless, for a wide range of devices the estimation works well.

9.7. Summary and Conclusion

A model which is based on the idea of Raparla et al. [126] is presented. The basic mech-
anism is that the charge yield in the insulators depends on the electric field. By trapping
of charge a counter electric field builds up, which reduces the charge yield at higher doses.
In difference to the model by Raparla et al. [126] an additional charge yield parameter was
introduced to take e.g. effects of diffusion of charge carriers into account.

Another difference is the dependence on the nitride thickness t¢,; in the set of differential
equations. This parameter was found to be negligible in the aforementioned publication
([126)).

Fitting of the model to a single dataset extracted from irradiations of the TO project worked
quite well, however the fit is, due to the set of degrees of freedom, too good. By fitting si-
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Figure 9.10.: Comparison of prediction (red) and measured data.
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Figure 9.11.: Comparison of prediction (red) and measured data.
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Figure 9.13.: Comparison of prediction (red) and measured data.
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Figure 9.14.: Comparison of prediction (red) and measured data.
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Figure 9.15.: Comparison of prediction (red) and measured data.
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Figure 9.16.: Comparison of prediction (red) and measured data.
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Figure 9.17.: Comparison of prediction (red) and measured data.
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Figure 9.19.: Comparison of prediction (red) and measured data.
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Figure 9.20.: Comparison of prediction (red) and measured data.
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Figure 9.21.: Comparison of prediction (red) and measured data.
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Figure 9.22.: Comparison of prediction (red) and measured data.

multaneous datasets it turned out that only similar datasets in the electric field could be
described by one set of parameters. Since transport equations of charge carriers in the in-
sulators are not included in the model, the effects of drift motion and charge capturing had
to be hidden in the free parameters.

By creating a look-up function for each parameter depending on the electric field (and in
one case on nitride thickness), a good agreement of prediction and measured data could be
found. However, the error bars only include the errors from the look-up function. In order
to make a proper prediction, these errors should be treated carefully and are certainly bigger
than depicted. Neglected effects are e.g. uncertainties in dose, temperature, and annealing.
In addition, this model describes the devices from the TO project quite well, however as lit-
erature indicates (e.g. in [60]), differences in the production process can cause considerable
differences in the radiation hardness of a device.

The model on the radiation damage of MNOS devices could of course be extended and
refined. An extension could incorporate the motion of charge carriers in the insulator and
treat electrons from the oxide and nitride differently. After an appropriate drift/diffusion
process in the insulators the created charge carriers could then either get trapped at defect
sites or escape. This would depend on a capture cross-section for the charge carrier type.
Additionally the presented model reveals no information on the spatial location of traps. A
further improvement would include the trap precursor density of the oxide trapped charge
E’. This quantity could then depend on the production process and thus could lead to better
results, e.g. if a prediction for a wet oxidation process was desired.

Yet, the aforementioned extensions would introduce many new parameters, thus a dedicated
measurement /irradiation program would have to accompany such extensions in order to test
the new hypotheses.
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Chapter 10.

Estimations of the DEPFET Performance in
Belle Il

The data and conclusions extracted in this thesis so far can help to predict the behavior of
the DEPFET and the PXD in the radiation environment of Belle II.

The first part is dedicated to the noise and signal of the DEPFET. The accumulated dose
during the operation of Belle II changes the DEPFET characteristics and the question arises
in which way this will affect the signal of the PXD.

The second part focuses on an inhomogeneous irradiation along the z-axis of the detector
(i.e along the modules of the PXD). This irradiation in the PXD would lead to a spread in
drain currents of differently irradiated parts of the detector matrix. Different scenarios for
different dose rates in the PXD are presented.

10.1. Expected DEPFET Signal Performance

10.1.1. Introduction

As in all detectors noise plays a crucial role in the PXD. In order to have a sufficient signal,
the amplification of the system has to be high enough. Since the DEPFET is the device first
in line, its characteristics can dominate the read-out chain. A good internal amplification g,
can reduce the influence of noise generated by devices later in the read-out chain.

The view on the signal strength alone is not sufficient, therefore in section 10.1.3 a closer
look is taken at the various noise sources and how they influence the behavior of the PXD.
One source of noise depends on the temperature. This shot-noise of the bulk is evaluated in
section 10.1.4 and a tolerable temperature is presented.

Noise and signal eventually lead to an assessment of the detector efficiency, shown at the
end of this section.

10.1.2. Required Internal Amplification

One design parameter of the DEPFET is the internal amplification g,. As already mentioned
in section 3.4.3 the reduction of the oxide thickness requires a decrease in the gate length L
in order to satisfy reasonable amplification.

The sections on noise from various sources of the DEPFET (cf. section 5.2.2 and 6.3.3) have
shown that the noise which is produced in the detector still is small. Instead the digitization
in the read-out ASICs adds considerable noise. The DCD exhibits at the moment a typical
noise in the order of ~ 100 nA, although it is specified to 40 nA. For digital algorithms
used in reconstruction and analysis the figure of merit is the Signal-to-Noise Ratio (SNR).
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Typically a value of ~ 20 is considered sufficient. This leads to a required signal current
produced by the DEPFET of Ipgg,, = 2 nA. With reference to a typical charge deposition
(cf. section 5.2.2) of Qprrp ~ 4800 e~ , the required amplification is given by

Ipss,, pA
= 288 165, 10.1
gQ'req QM[P e~ ( )

10.1.3. Noise Overview

In the aforementioned chapters on bulk and surface damage several noise sources are pre-
sented. In the PXD the noise sources contribute to a total noise according to the equation

N(T) = Nleak:(T) D Nsurf ® Npcp @ Npr, (102)

in which Njeqr(T) is the strongly temperature dependent noise of the bulk generated leakage
current and Ng,,; the noise originating from surface generated currents. Npcp and Npr
represent the noise of the DCD and the noise arising due to the punch-through mode of
the DEPFET. The different sources have to be added quadratically, designated by the &
operator. In equation 10.2 not all noise sources are listed, e.g. the 1/f noise of the MOSFET
channel was neglected. Other sources, such as the analog-to-digital noise of the DCD are
included in the the total noise of the DCD.

In section 5.2.2 it is shown that the noise which originates from the punch-through mode
can be neglected as well as the temperature dependence of the surface generated current (cf.
section 6.3.3).

With a signal charge of ~ 4800 e~ and a tolerable SNR of ~ 20 a maximum noise level of
240 e~ can be tolerated. This noise is composed of:

1. The DCD contributes 100 nA, which results with an estimated g, = 500 pA/e™ into
Npcp = 200 e™.

2. Surface generated current and its noise can be estimated to N,y ~ 45 e after
100 kGy. The data from figure 6.25 indicates that at higher doses the increase satu-
rates. Thus, a N,y ~ 50 e~ is assumed after 40 ab™!

3. The bulk generated leakage current. After 40 ab~' the leakage current has reached
Lieakyy = 1.5- 1071 A/pizel with its corresponding noise (e.g. 43 e~ at T' = 293 K).

Although the noise of the DCD dominates the total noise, an assessment of the temperature
dependence of the shot-noise from the bulk is presented in the next section 10.1.4.

10.1.4. Tolerable Temperature

The temperature dependence of the leakage current follows equation 5.1. With the data given
above the noise from the leakage current Ijeqk,, after an integrated luminosity of 40 ab™!
can be calculated and is shown in figure 10.1 (together with the behavior after 80 ab™!).
The presented data shows that after an acquired integrated luminosity of 40 ab~' roughly
43 e~ contribute to the already quite high noise. However, the contribution from the
DEPFET itself is still smaller than the contribution of the DCD. In light of this argu-
ment, DCDs of the next generation are likely to have better noise performance.
Two scenarios are discussed:
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Figure 10.1.: Noise contribution from the bulk generated leakage current after an integrated
luminosity of 40 ab~!. At room temperature ~ 43 e~ contribute to the noise in the internal
gate. The embedded data shows the situation after an integrated luminosity of 80 ab~!.

1. Assuming the nominal noise performance of 40 nA results in a considerably smaller
noise charge of 80 e~. Thus the tolerable temperature in which Ny, (7)) = 231 e~
would be > 330 K. Even after a doubled acquired luminosity of 80 ab~! the DEPFET
would perform fine.

2. Assuming the present DCD version, with 200 e~ noise. This scenario would result in a
tolerable temperature due to Nieqr(T) = 122 e~ of 320 K (= 47 °C)) after an integrated
luminosity of 40 ab—!. Even after 80 ab~! a temperature of 312 K (= 39 °C) could be
tolerated.

These results imply a more relaxed temperature scenario (and cooling scenario) for the
PXD, however the best performance depends on a better noise behavior of the DCD. Further
reading on the cooling of the PXD can be found e.g. in [129, 130].

In addition, if a better SNR was required, the limits on tolerable noise would be tightened.
E.g. a SNR of ~ 30 could not be achieved with the present version of the DCD.

10.1.5. Detector Efficiency

The drain current from the DEPFETSs in the PXD is read-out by the DCD. The amount
of drain current necessary to sustain a sufficient internal amplification is given by equation
3.49.

A conservative estimation for the various drain currents includes:

1. A SNR = 20, leading to a noise level of N = 240 ¢~ in the DEPFET.
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2. A sufficiently low occupancy in the PXD of 0.1%. This requires a noise-cut N, of
6.6 o ([131]). Such threshold levels can be set by the DHP.

3. A minimum required internal amplification according to equation 10.1.
4. The input range of the ADC of the DCD.

With the stated numbers the cut on the drain current can be calculated to be
_ _ pA
Teut = Neut - 9geq = 6.6-240 €7 - g4, = 1584 €7 - 416=— ~ 659 nA. (10.3)
e

The resolution of the DCD is given by the input range over the amount of available sampling

bits, thus

. 8uA nA

With these values, the cut on the current corresponds to 10.5 ADU. The efficiency of
the PXD can be estimated via figure 10.2 to be at least better than 91%, since the figure
corresponds to a test beam module from the production PXD 6 which exhibited a bulk
thickness of dg; = 50 um. DEPFETSs for Belle II are being produced on a bulk with
dgi = 75 pm, which will lead to a higher signal.

Figure 10.2 may correspond to a final DEPFET module if the seed signal axis is scaled with
the relative thickness ?g Zx = 0.66. Thus the cut of 10.5 ADU corresponds to ~ 6.9 ADU,
leading to an efficiency of ~ 97%.

As a comparison, the same calculation for a dg; = 50 um device from PXD 6 results in a
cut on 6.3 ADU. Here, the signal charge from equation 5.11 is S59 = 3194 e~. Thus a lower
noise of N5g = 133e™ results from the SINR = 24, which is achieved with PXD 6 devices
(assuming a conservative g, = 450 7;—’_41). This leads to a good efficiency of > 98%.

Similar or even better results than the abovementioned ~ 97% can be expected for the PXD
due to the thicker silicon bulk and an optimized internal gate.

10.2. Influence of Inhomogeneous Irradiation

10.2.1. Motivation

The main radiation background in the PXD originates from the 4-fermion final state radia-
tion (cf. section 2.4.2). Although the dose delivered by this type of radiation is considerable,
an additional problem could arise if the dose distribution of all sources combined was inho-
mogeneous along the z-axis of the detector. From Belle (I) such a scenario does not seem so
unlikely. Figure 10.3 shows a hit distribution for the first layer of the former SVD.

The shift in the threshold voltage is one of the main manifestations of surface damage.
Due to the issue of a z-axis dependency of AV}, a three-fold segmentation is introduced for
each half ladder. Thus, regions of the modules can be independently biased with gate and
clear gate voltages due to this segmentation.

At the moment the simulations of the background distribution indicate similar dose variations
along the z-axis of the detector. Figures 10.4 and 10.5 show a present simulation of the
background along z.

'In beam tests a g ~ 500 if—f was achieved ([132]). In [125] a corresponding g, ~ 480 S—A is stated.
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Figure 10.2.: Efficiency for a PXD 6 module in the test beam of 2012 with MIPs of perpen-
dicular incidence. It exhibited a silicon bulk thickness of dg; = 50 um, taken from [125].
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Figure 10.3.: Hit distribution from Belle in layer 1 of the former SVD along the detector
z-axis [133]. A peak to peak difference of roughly +25 % is visible.
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From this data small variations in the order of ~ +10% should be taken into account.
However, the issue of a highly irradiated region should not be neglected. This issue is
represented by a +30% variation in the later discussed scenarios (see section 10.2.3).
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Figure 10.4.: Dose distribution from all relevant background sources for the first layer of the
PXD. Six segments are available in total along the z-axis. The highest variations take place in
the edge segments. Courtesy of Moll [24], current status of simulation.

10.2.2. Impact on the PXD

The problem of inhomogeneous irradiation will manifest in two ways in a DEPFET. First,
as a shift in the threshold voltage and second, as a degradation of g,,. Additionally, the
differences from higher to lower irradiated regions in the PXD will increase with the ongoing
operation of Belle II.

The regions with a higher dose rate will decrease their threshold voltage further. In order
to turn those DEPFETS on, the DEPFETS from parts with smaller dose rates will exhibit a
higher drain current. This difference has to be compensated by the read-out ASICs.

Depending on the scenario, a degradation of g,, can lead to either worse or better situ-
ations. This depends strongly on the adaption of the gate voltage for the reference region.
At higher doses the degradation in g, leads to a lesser sensitivity of the current to a change
in gate voltage. Thus, if a more irradiated region is chosen as a reference, the gate voltage,
with respect to the accumulated dose (~ [ Ldt), can be adapted to a lesser degree. With
the reduced adaption, the lesser irradiated regions exhibit a smaller current increase or, due
to the degradation of g,,, may even have a current reduction.
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Figure 10.5.: Dose distribution from all relevant background sources for the second layer
of the PXD. In the outer layer of the PXD the variations are higher (especially in the edge
segments) yet the dose rate is small. Courtesy of Moll [24], current status of simulation.

Tolerable Difference in the Threshold Voltage

In order to estimate the tolerable difference in the threshold voltage of the highest and least
irradiated regions, due to inhomogeneous irradiation, within one segment, several consider-
ations are necessary.

The internal amplification depends on the drain current (equation 3.49). Thus in order to
fulfill the required internal amplification of 416 Ié—f‘, a corresponding minimal drain current
Ip,,., is needed. Investigations in [134] show that for a DEPFET with a gate length of
L =5 pm a minimal current of

Ip.. =35 puA (10.5)

min

is needed.

The maximum drain current Ip, . which can be tolerated by the DCD is given by the
features of the DCD. These are:

1. A current source, which can subtract a maximum of I.s = 24 pA in four steps (two
bits resolution) from the drain current.

2. A common mode correction of 200 puA. This correction is introduced to cancel noise
effects, which are common in one row of the module. The manifestation of inhomoge-
neous irradiation is similar to this effect, since one row differs in their pedestal current
from another.

3. The aforementioned ADC resolution of res = 62.5 A”DAU and a range of 2- 8 pA.
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In case of an applied common mode correction the maximum drain current is given by

Ip,,.. =200 pA -8 nA(ADC) =192 pA, (10.6)
or, if this correction is not in effect, it is given by
Ip,...=1Ip,. +I.s+8 pA(ADC) =67 pA. (10.7)

The gate voltage Vz in this estimation is determined by the least irradiated region. In
this region, the highest current Ipgs rowpose(Ve) flows. In order to max out the dynamic
range of the DCD this value is limited by Ip,,,,. The corresponding Vg = Vj for the highest
irradiated region is the same in one segment due to the design of the module. In this region,
a smaller current Ipg mighpose(Va) flows. However, to max out the available range, this
current still has to deliver the minimal amount of Ip,_. . The question is by which amount
of AV the input characteristic of the DEPFET can be shifted.

For this issue, the two equations

Ips,LowDose(V0) = IDypan (10.8)
and
Ips HighDose(Vo + AV) =1Ip, .. (10.9)
have to be fulfilled.

For the two aforementioned possibilities of the DCD, i.e. with and without common mode
(CM, CM), two solutions can be calculated. They are given by

AVey =247V, (10.10)
AV = 0.7 V. (10.11)

The procedure is illustrated in figure 10.6a when the common mode correction is in effect and
in figure 10.6b when it is not. Clearly, the common mode correction tremendously enhances
the ability of the PXD to handle inhomogeneous irradiation.

However, to max out the available range of the DCD may lead to complications. The
highest possible drain current of Ip . = 192 pA results in a higher internal amplification.
Studies in [134] show that for such Ipg a g maz = 600 g—fl is achieved. This will increase the
typical MIP signal of S = 4792 e~ to a signal current of

Isig,MIP = 2.88 /LA (1012)

Thus, only two MIP particles of perpendicular incidence can be resolved, while in the nominal
amplification case four MIPs could have been detected.

The detection of pions with a low momentum may become even harder. A considerable
fraction of those pions deposits Spion ~ 30000 e~ in one pixel [135]. When taking the above
conditions into account, this deposition results in a signal current of

Isig,pion =18 MA. (10.13)

This value exceeds the range of the ADC and could thus not be resolved. A saturated pixel
would be the consequence. In order to tag this particle, the value of Ip, . would have to be
lowered, leading to a reduced range for AV.

In order to incorporate the inhomogeneous irradiated regions, a safer operating of the detec-
tor requires the common mode correction ability of the DCD. In the worst case, for a pixel
with the highest drain current and therefore the highest g, a signal range of Sp,ss = 13300 e~
still remains.
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Figure 10.6.: Maximum tolerable voltage shift for two scenarios. The weakest irradiated
pixel (shown with data points and a corresponding fit) delivers the maximum drain current
Ip.,,.. and sets V. Thus, the highest irradiated pixel (red dashed line) exhibits a smaller cur-

rent.
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10.2.3. Drain Current Scenarios

Introduction

The impact of inhomogeneous irradiation is estimated by evaluating five scenarios, summa-
rized in table 10.1. Scenario 1 is aimed at a harsh condition. Upon a 10% variation of the
dose rate a 30% is included and set as a reference for the drain current of Ipg,, , = 80 pA.
This means that the highest irradiated region is to deliver Ipg, ,, which means the same
gate voltage results in a lesser irradiated region in a higher drain current.

Scenario 2 is in principle the same as scenario 1, but this time the reference is on a +10%
variation. In the other two following scenarios the drain current is lowered in order to in-
vestigate if the spread in drain currents can be reduced.

Scenario 5 differs from all the former ones, since a degradation of g, is excluded. During the
production of PXD 6 devices a small p implantation is placed beneath the external gate in
order to adjust the initial threshold voltage to Vi, (0 kGy) ~ 0 V. However, the ion implanter
has to penetrate the gate insulator. As only parts of the PXD 6 wafer exhibit a thin oxide,
the implanting parameters were set for a penetration through thick insulators resulting in a
deeper implantation in the devices studied in this work.

In the final DEPFETSs the implanting parameters will be set to the appropriate insulator
thickness. From this parameter a lesser reduction in the transconductance g,, is envisaged.

Scenario | Avg. dose rate | Ref. dose rate var. | Ips,, ,

Scen. 1, Max | 2.5 kGy ab +0.75 kGy ab 80 A

Scen. 2, Medium | 2.5 kGy ab +0.25 kGy ab 80 uA

Scen. 3, Max + low Ipg | 2.5 kGy ab +0.75 kGy ab 35 uA
Scen. 4, Medium-+low Ipg | 2.5 kGy ab +0.25 kGy ab 35 uA
Scen. 5, gn, | 2.5 kGy ab +0.25 kGy ab 80 A

Table 10.1.: Different dose scenarios for inhomogeneous irradiation

Estimation Method

The measurement data consists of Ipg(V) data for certain dose values. In this estimation,
a dose rate for the different scenarios defines each simulation step. Therefore missing data
for a dose Dyg;,, defined by the simulation has to be generated.

A polynomial fit of the form Ipg = p1V?2 + poV + ps is applied to the data. The parameters
p; of the fits can then be interpolated at the desired dose value. This procedure is illustrated
in figure 10.7.

An interpolation is always a source of error and thus disputable. However, as figure 10.7
shows, the algorithm performs well. Regions where no data is available (i.e. D < 0 kGy and
D > 100 kGy) remain uncertain to a higher degree, since the interpolation algorithm lacks
a sufficient derivative at this points.

After a certain integrated luminosity parts of the modules are differently irradiated. De-

pending on the scenarios the appropriate dose is calculated and the fit parameters are inter-
polated. The interpolated parameters p; yield a data function of the drain current Ipg.
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Figure 10.7.: Dependency of the second order polynomial fit parameters with respect to
dose. The dashed lines show the applied interpolation algorithm.

The reference region has to deliver the current required by the scenario (cf. table 10.1). The
required gate voltage for this current V,.; is now the same for all other regions within one
segment of the module. The current for the different regions, e.g. Ipsmaz = P1,maz - Vr2e I
P2,maz - Vref + P3,maz, can then be calculated.

The data from the input characteristics is taken from the measurements of the gate equiva-
lent DUT 06U with gate length L =5 pum (cf. figure 7.9a).

The data for the fifth scenario is generated by the data from the input characteristic Ipg(Vg)
of the unirradiated measurement. This data is then shifted by the threshold voltage shift
AVy, to Ips(Vig + AVyy,) of this DUT for higher doses. In this way, the degradation of g, is
omitted.

Results

The different dose rates in the scenarios lead to spread in the threshold voltage. This spread
is in first-order independent of the scenario in place (corrections to a different biasing during
the operation have been neglected) and increases with the ongoing operation of the PXD.
This issue is depicted in figure 10.8.

The evolution of the drain currents in scenario 1 is shown in figure 10.9. In this figure, the
hard limit by the common mode correction of the DCD (equation 10.6) is shown together
with the currents. The highest irradiated region exhibits an Ipg = 80 pA and thus the
lesser irradiated regions have an increased current flowing. The estimation is stopped at
~ 31 ab~! since at this point the highest dose rate of 3.25 kGy ab exceeds the available data
of D =100 kGy.
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Threshold voltage vs. Integrated Luminosity
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Figure 10.8.: Different dose rates lead to a spread of the threshold voltage with respect to
the integrated luminosity.

The spread in the currents is reduced after ~ 26 ab~'. This effect has two sources: the
adaption of the gate voltage and the reduction in g,,. At this point, the adaption of the gate
voltage deviates from the pattern which can be observed at a lower integrated luminosity
(cf. figure 10.10). Since the threshold voltage increases almost linearly at higher doses with
the DUT, the adaption of the gate voltage follows this pattern. However, with higher doses
the g,, reduces, thus the gate voltage has to be increased to a lesser degree. This reduces
then the current of lesser irradiated regions, since there an ongoing linear adaption of the
gate voltage would have been required and a degradation of g,, takes place.

In addition, the parameter interpolation of ps saturates at higher doses which is most likely
not the case (cf. figure 10.7 for comparison).

Similar observations can also be seen in the other scenarios. If a lesser irradiated region
is chosen as a reference region the effect is reduced.

The results from scenario 2 are shown in figure 10.11. A lesser irradiated region as a reference
leads to a reduced spread of Alpgo =~ 100 nA, which is less than in the harsh scenario 1.
There a maximum difference of AIpg; ~ 139 A can be observed.

A more relaxed situation can be found in the scenario 3 (figure 10.12). The spread in the
drain current is reduced to Alpgs ~ 94 pA. In this plot, the “soft” limit of the DCD, i.e.
no common mode correction is applied (equations 10.5 and 10.7), is shown together with the
estimation of the drain currents.

The possibly best situation can be found in the fourth scenario, shown in figure 10.13.
A total spread of Alpss =~ 65 A can be observed. Yet, the drain current of the highest
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irradiated region falls below the limit of equation 10.5. This makes this scenario less valuable
when taking these regions into account.

In the fifth scenario the degradation of g, is neglected. The reduction of the currents
at higher integrated luminosities is thus omitted. A small reduction remains due to the
interpolation method and a spread Alpgs =~ 91 pA can be observed.

In table 10.2 the results from the scenarios are summarized.

Sceanrio | Alpg (all) Alpg (w/o high irrad.)
(nA) (nA)
Scen. 1, Max. 139 -
Scen. 2, Medium 100 70
Scen. 3, Max + low Ipg 94 -
Scen. 4, Medium+low Ipg 65 46
Scen. 5, const. g, 91 55

Table 10.2.: Overview of drain current differences due to inhomogeneous irradiation scenar-
ios. The last column states the spread if the highest irradiated region is omitted.
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Conclusions

From the summarized data in table 10.2 the scenario 4 is favored when considering a small
spread. However, at this scenario the signal of the highest irradiated region cannot be suffi-
ciently resolved, since the SNR is below 20. Thus either this region has to be “omitted” or
the previous scenario 3 has to be taken into account.

Scenarios 1 and 2 exhibit a higher drain current as a reference. This will lead to better
transconductance and thus g,, however the spread in current is large and in the first sce-
nario the maximum input range of the DCD is exceeded.

The fifth scenario shows promising results. Although the spread Alpgs ~ 91 pA is con-
siderable high, the continuously good transconductance g,, will result in a steady g, during
the lifetime of Belle II. The spread is still in the input range of the DCD, thus the highest
irradiated region can be resolved by the ADC.

The various drain current scenarios depend on the interpolation method and the adaption
of the gate voltage in the scenarios. Interpolation, especially at boundaries, is always a
source of error and thus the results shown in this section have to be taken with a grain of
salt at higher integrated luminosities. For the prediction at these values an irradiation to
higher doses of suitable test devices would therefore be needed.

The DUT in question shows a considerable reduction in the transconductance due to the
misalignment of the shallow p implantation. To what extent a reduction in g, can be
omitted in the final production is not quite clear. However, from measurements of devices of
the TO project (cf. section 6.2.4) a smaller reduction of g,, is observed. At this production
an already thin gate insulator was used. Therefore the scenario 5 appears to be a reasonable

184



10.3. Summary

prediction of the drain current spread in Belle II.

10.3. Summary

The estimation of the DEPFET signal performance showed that the noise in the PXD is
dominated by the noise of the DCD. A reduction of the current noise level to its nominal value
in the newer versions of the DCD allows the PXD to be operated at higher temperatures.
Conservative estimations of the SNR lead to a detector efficiency of better than 91%. Taking
into account similar or even better conditions as in the production of PXD 6 for the final
production of DEPFETS lead to an estimated efficiency of > 98%.

Inhomogeneous irradiation along the z axis of the detector is investigated. The maximum
spread in drain current by the input range of the DCD leads to an allowable difference in
the gate voltage between higher and lesser irradiated regions. The common mode correction
ability of the DCD is a considerable relief in this matter.

This feature is also necessary in the ability to handle the different drain currents. The best
situation results in a scenario in which no (or only marginal) degradation of g, with respect
to dose is present. Although the spread in drain current is quite high in this scenario, it does
not exceed the input range of the DCD and ensures a good signal performance of the PXD.
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Chapter 11.
Summary and Outlook

This thesis deals with the radiation damage which is to be expected in the DEPFET in the
Belle II experiment. Electrons and positrons of low energies are the main source of back-
ground. These particles cause damage in the silicon dioxide via ionization and also damage
the crystal lattice of the silicon bulk.

In order to scale the damage done by these particles, the hardness factor of electrons of
similar energies is investigated. It turns out that the actual hardness of electrons of an
energy of 10 MeV is KEup, prev = (1.05 £ 0.03) - 102, which is considerably lower than
the anticipated value from literature. With the hardness factor extracted, neutron damage
studies of DEPFETSs and of DEPFET related silicon material, performed by Petrovics [39],
are then scaled to the main background in Belle II. The studies show that a type inversion
of the silicon bulk can be excluded with the resistivity of the silicon material and the fluence
to be expected at Belle II. In addition, no evidence is found of an increase in punch-through
noise, however, an increase in the bulk generated shot-noise is observed.

Besides the noise from the bulk also surface generated noise contributes to the total noise
of the DEPFET. This surface part has its origin in the creation of additional interface
traps through ionizing radiation. The MOS interface on a depleted volume of silicon is
generation active. This is the case for the clear gate of the DEPFET and the generated
charge thus contributes to the noise. In a conservative estimation a noise contribution of
Ngurp = 50 e~ should be taken into account after a delivered luminosity of 40 ab™ 1.

Details about the source of interface traps are extracted from measurements of four monitor
devices, i.e MOS capacitors. The interface trap distribution is obtained for the upper part
of the forbidden bandgap. A low increase could be found in the two devices with a silicon
nitride thickness of 10 nm and 20 nm, while thicker nitride layers (40 nm and 60 nm) re-
sulted in a higher interface trap density.

The irradiation and analysis of the MOS capacitor identified the P, defect as one source of
the interface trap density increase. An additional defect could be observed, yet a distinct
classification is missing up to now.

Interface traps lead also to a reduction in the mobility of holes in the channel of the DEPFET
and thus to a reduction of the transconductance of the device. This is studied and as a result
a decrease of ~ 15% should be taken into account during the lifetime of Belle II.

Furthermore, ionizing radiation leads to a shift in the threshold voltage of the DEPFET.
This shift has to compensated by an adaption of the voltage supply for the modules in the
PXD during the operation of Belle II. However, the shift itself should be as low as possible
to avoid complications with the Switcher control chip and break-downs between the two

187



Chapter 11. Summary and Outlook

polysilicon layers of the DEPFET. The situation gets more complicated for the clear gate
since a compensation via external power supplies cannot compensate the intra-pixel voltage
shift of this contact. Therefore production parameters are investigated to keep the threshold
voltage shift within its allowed range.

With the various devices studied in this thesis a recommendation can be made for the
production of gate and clear gate:

1. A wet oxidation procedure reduces temperature during the production of DEPFETSs.
Thus a low trap precursor density for the E’ center defect is likely to be achieved. A
smaller shift of the threshold voltage in gate equivalent devices which exhibited a wet
oxidation can be observed, supporting this assumption.

2. A silicon nitride thickness of 30 nm is advantageous for the gate oxide. Even though
a slightly better behavior is found by a nitride layer of 10 nm on a dry oxidation
process, yet the conformal deposition of silicon nitride during the production enables
the creation of a smooth surface which favors moderately thick nitride layers. Thus
the 30 nm thickness is recommended.

3. For the clear gate the intra-pixel variations should be small. This can be achieved with
a thickness of 20 nm, which is also favorable in the smoothing of rough surfaces.

In case of radiation hardness a thickness of 20 nm for the clear gate is advantageous. How-
ever, the deposition of silicon nitride of 30 nm thickness for the gate is the same as for the
clear gate. For technological reasons the nitride layer of the clear gate is not thinned down
to the recommended value. The recommended parameters for the silicon nitride thickness of
the gate and the type of oxidation are now incorporated for the production of the DEPFETSs
for Belle II.

The overall shift in threshold voltage will be smaller in the Belle I experiment than in
the results presented in chapter 7. This is due to the fact that the dose rate in the Belle 11
experiment will be considerably lower than in the irradiation experiments performed in this
thesis. The investigations on the annealing of surface damage show that roughly 75% — 80%
of the threshold voltage shift should be taken into account.

A model is proposed for the ionizing radiation damage in MNOS devices. Most models
rely on the finite trap precursor density of the E’ centers for the saturation of the threshold
voltage shifts. However, this thesis shows that irradiation experiments on similar devices
resulted, due to a different gate biasing, in different levels of the threshold voltage - yet
nearly all of them showed a saturation behavior. Therefore a model is proposed which relies
on the electric field in the insulators of the devices. The model is based on the model by
Raparla et al. [126], yet it was modified and extended.

The proposed model describes the behavior of the threshold voltage shift due to ionizing
radiation by a charge yield in the insulators and depends in contrast to [126] on the nitride
thickness and on a finite generation parameter to take e.g. diffusion into account.

The model shows good results in describing single or similar device types/operation condi-
tions, however different datasets could not be fitted by one common set of parameters. Since
the transport equations of the charge carriers are missing in the model, their influence is
hidden in the model parameters. In order to take these effects into account a dependence
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on the electric field in the insulators of the parameters is introduced.

This step enables the model to predict results for various electric fields. Although the pre-
dictions should be taken with a grain of salt, a reasonable assessment of the device behavior
to ionizing radiation is possible.

Estimations of the DEPFET behavior in the Belle I experiment are presented at the end
of this work. They reveal a good signal and noise performance of the device, thus allowing
higher temperatures of the DEPFET in the experiment.

Inhomogeneous irradiation of the DEPFET within one module still poses a threat to the
PXD. However, as the investigation of several scenarios showed, this issue is handled well.
The common mode correction of the DCD allows large spreads in the input currents and is
mandatory to manage inhomogeneous dose profiles. The segmentation of the modules into
three parts reduces the threat of inhomogeneous irradiation additionally. With an antici-
pated marginal reduction in the transconductance g, a safe operation in Belle II is envisaged.

An improvement of the model for the radiation hardness of MNOS devices is possible. A
good prediction of the radiation hardness of MNOS devices would be a useful tool in the
development process. However, a model which includes different parameters like the type of
oxidation, electric field, and insulator thickness would require a vast amount of test devices.
The fabrication of suitable devices for this parameter scan would result in a production
time of > 1 a and several irradiation experiments would have to be conducted to scan this
parameter space and test the new hypotheses.

The annealing experiments with higher temperatures showed that a large fraction of the
threshold voltage shift could be recovered. Thus an application of the DEPFET in a system
with relatively easy access to the detector system allows a prolonged use of the device. It
would have to be heated up for only O(h) with reasonably low temperatures in order to
recover the initial system properties. Of course, such a system would not be trivial. E.g.
it would have to deal with different thermal expansion coefficients of the detector system
materials, and the reduction of Electrostatic Discharge (ESD) threats.

The reduction in the threshold voltage shift by utilizing thinner oxides showed the potential
of this detector. A further reduction of the oxide layer thickness results in intrinsically
radiation hard DEPFETs. The gate length L would have to be reduced in order to achieve
a reasonable internal amplification g,. The further miniaturization of the device leads also
to a reduction in the operation voltages so that e.g. low power dissipating applications may
become possible.
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Appendix A.

Irradiation Facilities

A.1. X-Ray Irradiation at the Karlsruhe Irradiation Center

The X-ray tube used in this study is located at the Institute of Experimental Nuclear Physics
(IEKP) of the Karlsruhe Institute of Technology (KIT). The tube parameters used in most
cases in this study are listed in table A.1. For some irradiations, the tube current was higher
and also the distance, but overall the dose power stated in table A.1 is a fair assessment.
The precision of the tube with respect to dose may still be subjected to error. However, a
calibration with RadFET devices states an accuracy of 10 %. Further reading on this issue
is provided in [136].

Parameter ‘ Setting

Acceleration voltage (kV) 60
Tube current (mA) 30
Distance Tube-Target (mm) 115

Applied Filter Iron
Dose power (kGy/h) 5.78

Table A.1.: Typical X-ray tube parameters

A typical setup is shown in figure A.1.

Figure A.1l.: Typical setup of the irradiation procedure. The DUT, which is glued onto a
ceramic carrier is socketed into the PCB. Lemo 00 cables supply voltages to the DUT while
from the tube (top side) X-rays are emitted.
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Appendix A. Irradiation Facilities

A.2. Electron Irradiation - Synergy Health

Electron irradiations were carried out at the Synergy Health facility in Radeberg [84]. This
facility uses electrons with an energy of 10 MeV and is designed for the sterilization of
medical devices. Therefore the proportions of the facility are outlined to accommodate large
quantities of goods.

The irradiation procedure of the DUT is illustrated in figure A.2. The applied dose is
controlled by adjusting the accelerator and the speed of the band conveyor. The highest
accumulated dose in this thesis was achieved via four turns on the conveyor. In order to
measure the dose an alanine dosimeter can be placed on the carriage.

A\
W
\\

Electrons, 10 MeV

Conveyor with DUT

Figure A.2.: Illustration of the irradiation procedure with electrons at the facility of Synergy
Health.
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Appendix B.

Measurement of MOSFETs

B.1. DUT Overview MOSFETs

ChipID Nitride thickness Dose  Dose Type Voltage Biasing Vbs
(nm) (krad)  (kGy) (V) (V)
N04 10 5000 50 ClearGate 0 fix -5
Lo4 10 5000 50 ClearGate -2.5 fix -5
Jo4 10 5000 50 ClearGate -5 fix -5
NO5 10 5000 50 ClearGate 2.5 fix -5
NO7 10 3000 30 ClearGate 5 fix -5
104 20 5000 50 ClearGate -5 fix -5
E04 20 5000 50 ClearGate 0 fix -5
E05 20 5000 50 ClearGate 2.5 fix -5
E07 20 5000 50 ClearGate 5 fix -5
A07 20 10000 100  ClearGate -2.5 fix/adaptive -5
103 20 10000 100 ClearGate 2.5 fix/adaptive -5
J15 20 10000 100  ClearGate -5 fix/adaptive -5
N14 20 10000 100 ClearGate 0 fix/adaptive -9
Qo7 10 3000 30 Gate 2 fix off
Bo7 20 3000 30 Gate 2 fix off
B12 60 3000 30 Gate 2 fix off
Q12 40 11500 115 Gate 2 fix off
G03 20 10000 100 Gate 2 fix/gate adaptive -5
G16 60 10000 100 Gate 2 fix/gate adaptive -5
L03 10 10000 100 Gate 2 fix/gate adaptive -5
L16 40 10000 100 Gate 2 fix/gate adaptive -5
06U 30 10000 100 Gate 5 fix/gate adaptive -5
120 30 10000 100 Gate 2 fix -5
S1U 30 10000 100 Gate 2 fix -5

Table B.1.: Overview of irradiated MOSFETSs. Nitride thickness is the nominal thickness, all

doses were applied via the X-ray facility in Karlsruhe. Type designates the DEPFET equiva-

lent structure, voltage is the applied potential during irradiation, as well as Vpg. Fix/adaptive

means that one side of the Chip (usually 7 MOSFETS) were fixed biased at the gate and the
other half was adaptively biased.
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Appendix B. Measurement of MOSFETs

B.2. Threshold Voltage

B.2.1. Threshold Voltage from Input Characteristics in Saturation Mode

From the input characteristic curve Ipgs(V¢) in saturation mode (Ve =0V, Vp = =5 V) an
appropriate range is chosen. Typically this is given by 100nA < |Ipg| < 200uA. The square
root from the Ipg data is taken and a linear fit

VIps=a-Vg+b (B.1)

is applied. The fit results are checked on integrity to ensure a “good” fit. If the fit turns
out to be bad, the algorithm cancels step by step low current values to be outside of the
subthreshold-threshold region.

The resulting threshold voltage is calculated via

b
‘/thsa,t = _5 (B2)
Error on V};, in Saturation Mode
The statistical error on this value is given by
b 1 1..b
Py =\ (2?2 + (2202 2 (1)) - confa) (B.3)

B.2.2. Threshold Voltage from Input Characteristics in Linear Mode

Following the extrapolation in the ELR method from [36], the threshold voltage in this region
is established via searching the maximum of the transconductance curve %I"}’Cf (Vi) (point
denoted by gmaz) and fitting at this point with the maximum slope a straight line

Ifit = Gmaz " Vo + Leonst (B4)

to the voltage axis (see e. g. figure B.1). The intersection V}}, is equal to Vi, + 1/2Vp, thus
the resulting threshold voltage is given by

Vin = Vi — 1/2- Vp. (B.5)
th

Error on V};, in Linear Mode

The error on Vy, is influenced by different sources. First there is the accuracy of the mea-
surement device (whose specifications are listed in [137]) and second the accuracy of the
extraction algorithm. This depends not only in finding the maximum point of the derivative
but also in the accuracy of it.

The maximum point can be easily mistaken with a simple use of the maximum value. Un-
fortunately a change in the measurement range occurred in most devices close to the true
maximum in the derivative. This results due to the deviation process, amplifying those small
changes in the Ipg data.

Once this problem is solved, the accuracy depends mostly on the step size of the gate voltage
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B.2. Threshold Voltage

-5
x 10
2
O Current
Derivative | |
O .
true maximum
2 g h intersection with
maximum due to a change ; ‘
X 8 voltage axis (V)
in the measurement range
-4

V, =V, +1/2V

Drain

Drain current ID (and dld/dVg)

'
)]

-8

-12 -10 -8 -6 -4 -2 0
Gate Voltage VG

Figure B.1.: Input characteristics of a MOSFET. Besides the current values, also the deriva-
tive is shown. Due to a change in the measurement range of the ammeter, peaks in the devia-

tion can arise which would fake the true maximum. The usually negative drain voltage adap-
tion to the true threshold voltage is marked.
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Appendix B. Measurement of MOSFETs

Vstep. As one can see by the resolution (digit) and accuracy of the Keithley 4200 [137] it is
fair to neglect the errors of this device.
The threshold voltage in the linear case is given by

Vin = Vi, —1/2- Vp. (B.6)

Whereas Vp depends only on the measuring device, V}) depends additionally on the algo-
rithm. V}, is computed in the following way

Icons
V), =— L, (B.7)

gmax

Both components in this equation are defective. The error on g, originates from the step
size in the gate voltage Ve, and is estimated by using the average of the left and right data
point of gpae in the derivative via

O09mazx = Ymaz — 1/2(gmax(l6ft) + gmaw(right))- (BS)

The error on Ieonst depends on the linear fit /¢ (equation B.4) and is given by

0lconst = \/0'12 + VG(gmax)2 : Ug%w;c (B.9)
with
o1 = Iu(Vgr) — 1/2 - (gn(Indea(Vy,,,,) + 1) + Ipa(Indea(Vy,,,) — 1)) (B.10)

with index designating the appropriate data point.

B.3. Subthreshold Swing

B.3.1. Extracting the Subthreshold Swing from Saturation Measurements

The swing is defined as that amount of voltage needed to increase the current Ipg by one
decade. In an appropriate subthreshold region a transformation from “normal” current
values to logarithmic values is performed, allowing a liner fit to the In(Ipg)(Ve) data. The
slope of this linear fit a is used to calculate the swing S via

Vmaac - me
S e Tt
#dec.
1 Imaa:
= -1 . B.11
a - #dec. n( Imm) ( )

Error on Subthreshold Swing

The uncertainty on the abovementioned extraction of the subthreshold swing is given by

1 Im(lz
oS = \/a2 Zhdec. -ln(I )2(0a)?. (B.12)
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B.4. Transconductance

B.4. Transconductance

B.4.1. Extraction of Transconductance from Input Characteristics

The transconductance is extracted in the following way:

1. A quadratic fit y, i = aVéS+ bVis + ¢ is applied to the Ips(Vgs) curve. The fit range
R is hereby restricted to R = {Ipgs| |Ips| > 1pA} to ensure the quadratic behavior.
In addition, the fit routine cancels noise at the beginning of the curve.

2. At a drain current of |Ipg| = 100pA the corresponding voltage V, is extracted.

3. The routine extracts then the final g ;. c,pren value by inserting Vj,, into the analytical

deviation g,, = %‘q{‘}é ;t of the quadratic fit.

B.4.2. Errors on Transconductance

The formula for gm ;. cpprens 1S glven by:
gmfizCu’r’rent = QCLVZJm + b7 (Blg)

propagating the error leads to:

G siscrrent =\ (2Van)? - cov(a,0) + covo(b,b) + (2a)2 - (o, )2 (B.14)

The error for Vg, has been neglected.
For some DUTSs (e.g. J04) the mean of two similar transistor was calculated, therefore the
error is then given by:

1
O-gmfimCurrent]Mean = 5\/(O-gmfi:cCuTrent1)2 + (UgmfixCurrentQ)z' (B]'S)

197






Appendix C.
CV Measurements of MOSCAPs

C.1. DUT Description

In this work different MOSCAPs were studied and irradiated. Tables C.1, C.2, C.3, and C.4

summarize their properties.

DUT Production Wafer ID Chip ID  Area  Oxide thickness Nitride thickness

(mm?) (nm) (nm)
BO7 TO 5 BO7 10 85 20
B12 TO 5 B12 10 85 60
Qo7 TO 5 Q07 10 85 10
Q12 TO 5 Q12 10 85 40
DUT 2-1 DIO 318B W02 10 86 10

Table C.1.: Overview of MOSCAPs.

Oxide thickness Nitride thickness

Device (nm) (nm)
B07 83 20
B12 83 55
Qo7 83 11
Q12 83 41

Table C.2.: Insulator thickness of MOSCAP devices, measured with ellipsometry in the HLL.

C.2. Measurement Corrections

Corrections of the LCR Meter
In order to minimize the error of the LCR Meter (see e.g. [138]), several corrections were
applied:

1. Short correction
The two measurement cables are short-circuited to reduce parasitic residual impedances
of the DUT. This is done very close to the DUT, in order to minimize the error of the
connection cables.
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Appendix C. CV Measurements of MOSCAPs

ChipID Nominal ¢ty; Double nitride Calculated C Measured C Dev. in %

(nm) (nF) (nF)
BO7 20 yes 3.62 3.905 8%
B12 60 yes 2.97 3.207 8%
Q07 10 no 3.83 4.291 12%
Q12 40 ves 3.26 3.322 2%

Table C.3.: Overview of capacitors in this work. The devices deviate from the calculated
maximum capacitance, which already was corrected for deviations from the intended nitride
and oxide thickness. For extractions of D;; the measured maximum capacitance was used.

Dose | Q07 BO7 Q12 B12 Q07 BO7 Q12 B12

(kGy) | LF (Hz) LF (Hz) LF (Hz) LF (Hz) | HF (kHz) HF (kHz) HF (kHz) HF(kHz)
0 20 20 20 20 10 10 10 500
10 20 20 20 20 100 100 100 100
15 20 20 20 20 100 100 100 100
30 20 20 20 20 100 100 100 100
90 - - 20 - - - 100 -
110 - - 20 - - - 100 -
115 - - 20 - - - 100 -

Table C.4.: Measurement frequencies of TO devices.

2. Open correction

200

Measurement cables are opened close to the DUT. This eliminates errors due to
parasitic stray impedances.

Measurement mode

Measurements have been taken in the |Z| — © - mode. This ensures original data
without device model corrections of the LCR meter. The LCR meter does have the
capability of corrections for parallel and series resistances (Cp or Cs -modes, figure
C.1). However, the applied (internal) correction of the measurement device is unclear.
For this reason, the original impedance Z was measured and a correction with assumed
parasitic Ry and R, was studied. However, if for the parallel resistance R, > 100 k2,
then the C'— V curves do not deviate much from each other and even for the 100 k2
case the difference is only in inversion visible.

For this reason, a simplified correction of taking only a series resistance R, into account
is sufficient.



C.2. Measurement Corrections

Figure C.1.: Measurement model for the LCR meter, including all parasitic resistances.
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Appendix D.

Measurements of GCDs

D.1. Overview of GCDs

DUT Pitch Contact  Dopings Area Gate Biasing tni
(10~2em?) (V) (nm)
N04 Fine Poly ndln 4.055 0 fix 10
N05 Coarse Poly ndln 8.055 0 fix 10
NO7 Fine Poly ndln 4.055 0 adaptive 10
L04  Coarse Poly - 8.055 0 adaptive 10
J04  Coarse Poly - 8.055 0 fix 10
104  Coarse Poly - 8.055 2 fix 20
E04 Fine Poly ndln 4.055 0 fix 20
E05 Coarse Poly ndln 8.055 0 fix 20
E07 Fine Poly ndln 4.055 0 adaptive 20
J15  Coarse Poly - 8.055 0 fix 20
N14 Coarse Poly ndln 8.055 0 fix 20
A07 Fine Poly nd1n, pshn 4.055 -8 fix 20
103 Coarse Poly ndln, pshn 8.055 -8 adaptive 20
L16 Fine Poly nd1n, pshn 4.055 0 fix 40
L03 Fine Poly nd1n, pshn 4.055 0 adaptive 10
G16 Fine Poly nd1ln, pshn 4.055 0 fix 60

Table D.1.: Overview of GCDs.
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Appendix E.

Model Parameters

Khni

ID Fit/Pred. O Khni Khox OKhox Keox OKeox Geonst OGounas
Param.

EO05 Pred. 1.56E-03 2.05E-04 8.21E-05 1.82E-06 8.77E-04 1.24E-04 5.91E-02 5.49E-04
EO07 Pred. 248E-04 2.41E-05 3.36E-04 1.03E-05 3.72E-04 4.12E-05 1.15E-01 1.29E-03
103 Pred. 1.56E-03 2.05E-04 8.21E-05 1.82E-06 8.77E-04 1.24E-04 5.91E-02 5.49E-04
G03 Pred. 2.39E-03 3.79E-04 5.22E-05 1.52E-06 9.01E-04 1.28E-04 5.43E-02 4.63E-04
E04 Pred. 9.60E-04 1.58E-04 1.53E-06 5.56E-06 5.20E-04 6.17E-05 4.69E-02 3.77E-04
104 Pred. 1.36E-04 1.30E-05 1.58E-04 2.78E-05 1.54E-04 1.47E-05 5.85E-02 7.64E-04
A07 Pred. 1.91E-04 1.93E-05 9.39E-05 2.07E-05 1.99E-04 1.96E-05 5.41E-02 6.56E-04
NO5 Pred. 3.45E-03 3.65E-04 8.29E-05 1.83E-06 8.76E-04 1.24E-04 5.93E-02 5.51E-04
NO7 Pred. 1.60E-03 1.57E-04 3.45E-04 1.07E-05 3.61E-04 3.98E-05 1.18E-01 1.32E-03
L03 Pred. 3.90E-03 4.35E-04 5.22E-05 1.52E-06 9.01E-04 1.28E-04 5.43E-02 4.63E-04
NO04 Pred. 4.33E-03 6.97E-04 1.67E-06 5.74E-06 5.10E-04 6.02E-05 4.69E-02 3.80E-04
L04 Pred. 2.23E-03 3.38E-04 1.02E-04 2.16E-05 1.92E-04 1.88E-05 5.47E-02 6.70E-04
J04 Pred. 1.49E-03 1.97E-04 2.25E-04 3.45E-05 1.27E-04 1.19E-05 6.26E-02 &.56E-04
E05 Fit 1.69E-03 2.80E-04 1.15E-04 1.61E-05 &8.95E-04 1.12E-04 4.51E-02 1.50E-03
EO07 Fit 2.95E-04 6.57E-05 1.43E-04 1.14E-04 4.98E-04 8.53E-05 9.16E-02 1.20E-02
103 Fit 1.20E-03 2.15E-04 5.45E-05 &8.32E-06 6.52E-04 9.17E-05 5.44E-02 2.10E-03
G03 Fit 3.35E-03 5.55E-04 4.34E-05 3.53E-06 1.20E-03 1.80E-04 5.22E-02 1.50E-03
E04 Fit 8.15E-04 1.73E-04 1.45E-04 5.84E-05 6.60E-04 8.89E-05 4.32E-02 2.70E-03
104 Fit 1.10E-03 -  7.23E-04 —  2.52E-05 - 6.24E-02 -
A07 Fit 3.71E-04 9.30E-05 1.26E-04 2.80E-05 4.03E-04 6.24E-05 6.68E-02 2.00E-03
NO5 Fit  2.85E-03 4.50E-04 1.20E-04 1.48E-05 6.98E-04 8.13E-05 4.86E-02 1.18E-03
NO7 Fit 1.65E-03 1.82E-04 2.13E-04 1.90E-05 3.71E-04 2.21E-05 1.28E-01 2.46E-03
L03 Fit 5.61E-03 9.18E-04 3.85E-05 5.50E-06 1.11E-03 1.63E-04 4.27E-02 1.93E-03
NO4 Fit 4.37TE-03 6.67E-04 1.67E-06 5.35E-08 5.40E-04 8.18E-05 5.00E-01 4.24E-01
L04 Fit  2.09E-03 6.29E-04 2.57E-04 4.34E-05 6.88E-04 1.50E-04 5.02E-02 7.98E-04
Jo4 Fit 1.38E-03 4.57E-04 3.43E-04 7.36E-05 5.32E-04 1.12E-04 5.80E-02 9.21E-04

Table E.1.: Overview of model parameters from the initial fitting and the used parameters
for predictions. K parameters and their uncertainties are given in F(nm?2kGy)~! and Geonst
and its uncertainty is given in V/nm.
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Appendix F.

Acronyms

AC Alternating Current. .. ...... ...t 32
ADC Analog-to-Digital Converter......... ... i 18
APD Avalanche Photo Diode ... ... i 15
ARICH Aerogel Ring Image Cherenkov Detector ........... ... i i, 15
ASIC Application-Specific Integrated Circuit ... ... 16
ATLAS A Toroidal LHC Apparatus .. ........uiiniiii i 78
BDK Berends, Daverveldt, Kleiss ... 21
BNC Bayonet Neill Concelman ........... ..o, 115
CAD Computer-Aided Design. ... 16
CDC Central Drift Chamber. ... ... ... e 14
CDF Collider Detector at Fermilab ........ .. . o i 78
CDS Correlated Double Sampling ..........ouiiiit i 43
CLG Clear Gate. .ottt 94
CMOS Complementary Metal-Oxide-Semiconductor ............. ... ... oL, 64
cv Capacitance-Voltage . ... ..o 58
DC Direct Current ... ... ... e 32
DB Dangling Bond. . ... 51
DCD Drain Current Digitizer....... ... i 17
DEPFET Depleted p-channel Field Effect Transistor.................................... 2
DHP Data Handling Processor. ...... ... e 17
DIBL Drain-Induced Barrier Lowering........... ..o 37
DUT Device Under Test .. ... e 44
ECL Electromagnetic Calorimeter ........... .o 15
ehp electron-hole pair . ... 25
ELR Extrapolation in the Linear Region ......... ... ... ... o i i 116
EM Electromagnetic. . ..o 6
ENC Equivalent Noise Charge . ...... ..o e e 7
EPR Electron Paramagnetic Resonance........... ... ... 56
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Appendix F. Acronyms

ESD
ESR
FFT
FZ
GCD
HAPD
HER
HLL
IR

v
KLM
LER
LHC
LPCVD
MC
MCP
MiMa
MIP
MIS
MNOS
MOS
MOSCAP
MOSFET
NIEL
PCB
PID
PKA
PMT
PSD
PXD
QED
RBB
ROI
RPC
SCr

SM
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Electrostatic Discharge. ........ ..o 189
Electron Spin Resonance . ......... ..ot 60
Fast Fourier Transformation .......... ... .. i, 78
Float-Zone. . ... 82
Gate Controlled Diode . ... ..o 25
Hybrid Avalanche Photo Detector.......... ... o i i 15
High Energy Ring. ... ..o 11
Halbleiterlabor der Max-Planck-Gesellschaft........... ... ... ... ... ... 44
Interaction Region ... ... 23
CUrrent-Voltage . . .. ... 70
Kaon and Muon Detector (more precisely: K, u-Detector).................. 15
Low Energy Ring . ... ..o 11
Large Hadron Collider . ........c.oiii e e e 56
Low-Pressure Chemical Vapor Deposition.................coooiiiii.. 51
Monte CArlo ... ... 20
Micro Channel Plate......... .. 15
Mini-Matrix Systemi. .. ... 78
Minimum lonizing Particle....... ... 76
Metal-Insulator-Semiconductor......... ... o i 26
Metal-Nitride-Oxide-Semiconductor ......... ..., 113
Metal-Oxide-Semiconductor. ... ... 2
Metal-Oxide-Semiconductor Capacitor ............c.evieiiiiiireeiniinnn... 25
Metal-Oxide-Semiconductor Field Effect Transistor.......................... 25
Non ITonizing Energy Loss . ... e 54
Printed Circuit Board. ....... .. 115
Particle Identification ....... ... e 14
Primary Knock on Atom . ...... ... 53
Photomultiplier Tube .. ... 15
Power Spectral Density ...... ..o 78
Pixel Detector ... ..o 2
Quantum electrodynamic ............. i 20
Radiative Bhabha. ... ... . 21
Regions of Interest . ... ..o 14
Resistive Plate Chambers . ...... ... 15
SPace Charge region .. ... ...ttt e 41
Standard model of elementary particle physics............... ... ... L 1



smy
SNOS
SNR
SR
SUSY
SVvD
TO
TOP
VXD
ZIF

STIOWINASS JEAT . . .« v e ettt ettt ettt et e e et e et e et e et et e 21

Silicon-Nitride-Oxide-Semiconductor . ....... ..., 64
Signal-to-Noise Ratio ....... .o 76
Synchrotron Radiation........ ... i i 23
SUPETSYIIIIICTTY .« . .\ttt 13
Silicon Vertex Detector ...... ..o 14
Thin-Oxide . . ..o 44
Time-of-Propagation . ....... ..o 15
Vertex Detector. .. .o e 14
Zero Force Injection ....... ..o 115
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