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"Τὸν δὲ νοῦ καί ἐπιστήμης ἐραστὴν ἀνάγκη τὰς τῆς ἔμφρονος φύσεως αἰτίας πρώ-
τας μεταδιώκειν."

Πλάτωνος, Τίμαιος, Κεφ. 16

"The lover of reason and knowledge must first seek for the causes which belong to

the rational order."

Plato, Timaeus, Ch. 16
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Abstract

Silicon detectors in Photon Science and Particle Physics require silicon sensors with very demanding

specifications. New accelerators like the European X-ray Free Electron Laser (EuXFEL) and the High

Luminosity upgrade of the Large Hadron Collider (HL-LHC), pose new challenges for silicon sensors, es-

pecially with respect to radiation hardness. High radiation doses and fluences damage the silicon crystal and

the SiO2 layers at the surface, thus changing the sensor properties and limiting their life time. Non-Ionizing

Energy Loss (NIEL) of incident particles causes silicon crystal damage. Ionizing Energy Loss (IEL) of

incident particles increases the densities of oxide charge and interface traps in the SiO2 and at the Si-SiO2

interface.

In this thesis the surface radiation damage of the Si-SiO2 system on high-ohmic Si has been investi-

gated using circular MOSFETs biased in accumulation and inversion at an electric field in the SiO2 of

about 500 kV/cm. The MOSFETs have been irradiated by X-rays from an X-ray tube to a dose of about

17 kGy(SiO2) in different irradiation steps. Before and after each irradiation step, the gate voltage has been

cycled from inversion to accumulation conditions and back. From the dependence of the drain-source cur-

rent on gate voltage the threshold voltage of the MOSFET and the hole and electron mobility at the Si-SiO2

interface were determined. In addition, from the measured drain-source current the change of the oxide

charge density during irradiation has been determined. The interface trap density and the oxide charge has

been determined separately using the subthreshold current technique based on the Brews charge sheet model

which has been applied for first time on MOSFETs built on high-ohmic Si. The results show a significant

field-direction dependence of the surface radiation parameters. The extracted parameters and the acquired

knowledge can be used to improve simulations of the surface radiation damage of silicon sensors.
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Kurzfassung

Siliziumdetektoren für die Forschung mit Photonen und für die Teilchenphysik benötigen Siliziumsen-

soren, die sehr hohe Anforderungen erfüllen müssen. Neue Beschleuniger, wie der European X-ray Free-

Electron Laser (EuXFEL) und das High Luminosity-Upgrade des Large Hadron Collider (HL-LHC), stellen

insbesondere im Hinblick auf Strahlungshärte neue Herausforderungen für Siliziumsensoren dar. Hohe

Strahlungsdosen und -flüsse schädigen den Siliziumkristall sowie die SiO2-Schichten an der Oberfläche,

wodurch sich die Sensoreigenschaften ändern und ihre Lebensdauer beschränkt wird. Nicht-ionisierender

Energieverlust (NIEL) der einfallenden Teilchen verursacht Schäden im Siliziumkristall. Ionisierender En-

ergieverlust (IEL) der einfallenden Teilchen erhöht die Dichte der Oxidladung im SiO2 sowie die Dichte der

Grenzflächenhaftstellen am Si-SiO2 Übergang.

In dieser Arbeit wurde die Schädigung der Oberfläche des Si-SiO2-Systems von hochohmigem Si unter

Verwendung kreisförmiger MOSFETs, die in Akkumulation und Inversion bei einem elektrischen Feld im

SiO2 von etwa 500 kV/cm vorgespannt sind, untersucht. Die MOSFETs wurden mit Röntgenstrahlen aus

einer Röntgenröhre bis zu einer Dosis von etwa 17 kGy(SiO2) in verschiedenen Bestrahlungsschritten be-

strahlt. Vor und nach jedem Bestrahlungsschritt wurde die Gate-Spannung von Inversion zu Akkumulation

und zurück durchlaufen. Aus der Abhängigkeit des Drain-Source-Stroms von der Gate-Spannung wur-

den die Schwellenspannung des MOSFET sowie die Löcher- und Elektronenbeweglichkeit an der Si-SiO2-

Grenzfläche bestimmt. Zusätzlich wurde aus dem gemessenen Drain-Source-Strom die Änderung der Ox-

idladungsdichte während der Bestrahlung bestimmt. Die Dichte der Grenzflächenhaftstellen und die Dichte

der Oxidladung wurden separat bestimmt. Hierzu wurde die subthreshold current Technik, basierend auf

dem Brewsschen charge sheet Modell, zum ersten Mal auf MOSFETs angewandt, die aus hochohmigem

Si hergestellt wurden. Die Ergebnisse zeigen eine signifikante Feldrichtungsabhängigkeit der Parameter

der Oberflächenstrahlungsschädigung. Die gewonnenen Parameter und das erworbene Wissen können zur

Verbesserung der Simulation der Oberflächenstrahlungsschädigung von Siliziumsensoren verwendet wer-

den.
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1. Introduction

1.1. The sensor design projects: AGIPD and CMS Phase II pixel upgrade

1.1.1. The AGIPD silicon pixel sensor

The European X-ray Free-Electron Laser (EuXFEL) [1], currently being constructed at DESY, Hamburg

and planned to be operational for users in 2017, will deliver 27,000 fully coherent, high brilliance X-ray

pulses per second with duration less than 100 fs and time separation of 220 ns. The unique features of the

X-ray beam pose major challenges for detectors used at the EuXFEL for imaging experiments, as shown in

Fig. 1.1. A dynamic range of 0,1, ..., up to more than 104 photons per pulse, a frame rate of 4.5 MHz, and in

particular a radiation tolerance of the senors for X-ray doses up to 1 GGy for 3 years of operation [2].

Figure 1.1: Challenges of silicon detectors used for imaging experiments at the EuXFEL. Figure adapted
from [3, 4].

One of the detectors under development at the EuXFEL is the Adaptive Gain Integrating Pixel Detector

(AGIPD) [5]. It is a hybrid detector system with 1 Mega Pixels, each of 200× 200 µm2. The AGIPD

detector consists of 16 modules, each with 16 ASICs bump-bonded to one p+n silicon pixel sensor. The
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1. Introduction

2. The dependence of N
e f f
ox on the direction of the field at the Si-SiO2 interface using p- and n-MOSFETs.

3. The charging and discharging of border traps when the field direction is reversed.

4. An attempt to separate Qox and Qit and to determine Dit , the energy distribution of the interface traps

in the Si bandgap using the subthreshold current technique based on the Brews charge sheet model of

the long channel MOSFET.

5. The annealing dependence of the above quantities.

The results presented in this thesis can be used to improve the simulation of segmented silicon sensors by

taking into account the field dependence of the surface radiation damage. In addition information is produced

to estimate short- and long-term effects after changing the biasing of segmented silicon sensors.
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2. Physics of basic semiconductor and device theory

Considering a p-type substrate Si the majority carriers are holes and the Fermi level is in the lower half of

the bandgap. Four different situations exist depending upon the bias applied to the gate.

Accumulation If a negative bias is applied to the gate, electron energies are raised in the metal relative

to the substrate. The Fermi level EFm of the metal lies above its equilibrium position. Also negative Vgate

results in a negative charge on the gate, so a positive charge is induced at the silicon surface. For p-type

silicon (p-Si) holes are accumulated at the surface. As the hole concentration increases at the surface, the

difference between the intrinsic level EI and the Fermi level EF increases resulting in the bands bending

upwards as shown in Fig. 2.1 (b).

Flatbands At flatbands the silicon bands are flat, right up to the Si-SiO2 interface, Fig. 2.1 (c). The silicon

is neutral everywhere, because the holes (+) exactly balance the acceptor dopant ions (−). The gate bias for

which flatbands occurs is called the flatband voltage, Vf b.

Depletion If a positive bias is applied to the gate, then the positive holes are repelled from the silicon

surface. The energy bands bend down, representing the energy levels as (e.g for the conduction band)

Ec(y)/q0 = Ec(∞)/q0 −φ(y) (2.1)

where Ec(y) is the conduction band edge and φ(y) is the band bending at position y from the interface.

Because the holes are depleted near the interface, there is a region containing primarily acceptor dopant

ions, Nd per unit volume, as shown in Fig. 2.1 (d). The band bending potential, φ(y) then satisfies Poisson’s

equation in the depletion approximation:

d2φ

dy2 =
q0Nd(y)

εSiε0
, 0 < y < w

= 0, w < y

(2.2)

Where εSi = 11.9 is the Si dielectric constant and ε0 = 8.85 ·10−14 F/cm is the permittivity of empty space.

If the dopant ions are uniformly distributed so Nd is independent of y, then Eq. 2.2 can be integrated to yield

φ(y) = φs(1− y/w)2 (2.3)

where φs is the value of φ(y) at y = 0 and w is the depletion width, the depth to which the hole density is

negligible. The first and second derivatives of Eq. 2.3 are written

dφ

dy
= 2φs(1− y/w)(−1/w) (2.4)

12



2. Physics of basic semiconductor and device theory

d2φ

dy2 =
2φs

w2

=
q0Nd

εSiε0

(2.5)

To simplify, β = q0/kT is the reciprocal of the thermal voltage, kT/q0 (≈ 0.025 V at 290 K). So w is

calculated from

w =
√

2LD(βφs)
1/2 (2.6)

where LD is the bulk Debye length

LD =

√

εSiε0

βq0Nd

. (2.7)

In particular Eq. 2.4 shows that the field at the depletion edge (y = w) vanishes. It is expected because there

is no charge in the region y > w. This bulk region is in the flatband configuration where the hole density

equals the acceptor density.

Inversion If a large enough positive bias is applied to the gate, then the conduction band edge, Ec(0),

approaches the Fermi level, EF , in the vicinity of the Si-SiO2 interface. When this happens electrons appear

in the immediate vicinity of the interface, in an inversion layer, as shown in Fig. 2.1 (e). Once the inversion

layer forms, additional positive bias on the gate simply draws more electrons into the inversion layer. The

negatively charged electrons balance the additional positive gate charge, and the depletion width, w, no

longer increases because the band bending φs in Eq. 2.6 becomes pinned or clamped. Consequently, w

also becomes pinned at the value it held just before the inversion layer formed. To treat the inversion layer

electrons they have to be included in the Poisson Eq. 2.2. The hole density is

p = nie
(−βφ+βφb) (2.8)

where ni = the carrier density in intrinsic material (≈ 1010 carriers per cm2 at 290 K) and φb is the Fermi

level in electron volts (eV): φb = EF/q0. The law of mass action implies that at thermal equilibrium

pn = n2
i . (2.9)

Using Eqs. 2.8 and 2.9 the electron density is

n = nie
(βφ−βφb). (2.10)

At flatbands, in the neutral silicon p = Nd , using Eq. 2.9 the φb is calculated from

13



2. Physics of basic semiconductor and device theory

βφb = ln(Nd/ni). (2.11)

The electron density in Eq. 2.10 gives an additional term in the Poisson Eq. 2.2,

d2φ

dy2 =
q0Nd(y)

εSiε0
+

q0ni

εSiε0
e(βφ−βφb), 0 < y < w

= 0, y > w

(2.12)

For uniform doping, multiply by (dφ/dy) and use the identity

1
2

d

dy
(
dφ

dy
)2 = (

dφ

dy
)(

d2φ

dy2 ) (2.13)

Then Eq. 2.12 becomes

1
2

d

dy
(
dφ

dy
)2 =

1
(βLD)2

d

dy
[βφ +(ni/Nd)

2e(βφ)] (2.14)

Integrating from the interface, y = 0, to the depletion edge, y = w

(

dφ

dx

)2

w

−
(

dφ

dx

)2

0
=

1
(βL2

D)
[βφ +(ni/Nd)

2e(βφ)]w0 (2.15)

Now at y = w both φ and (dφ/dy) vanish. At y = 0, φ = φs. So far, Eq. 2.15 becomes

− (dφ/dy)0 =
√

2(βLD)
−1{βφs +(ni/Nd)

2[e(βφs)−1]
}1/2

(2.16)

The inversion layer carrier density per unit area, NI , can be calculated by integrating Eq. 2.10. Then the

potential is needed as a function of distance. To proceed from Eq. 2.16 to find the potential requires a

numerical integration. According to Ref. [28] numerical integration shows that the minority carriers in the

inversion layer are very close to the interface, probably within 30−300 Å, depending on gate bias. Using an

approximation that the inversion layer is a charge sheet of infinitesimal thickness, the NI can be calculated

easily using Eq. 2.16. The total silicon charge per unit area is Qs, the charge in the depletion is (−q0Ndw)

[the charge per unit volume, (−q0Nd), times w the depletion width]. Then the difference, total charge less

dopant ion charge, is the charge due to inversion layer electron density per unit area, −q0NI:

−q0NI = Qs − (−q0Ndw) (2.17)

The width w is calculated from Eq. 2.6 and Qs is found from Eq. 2.16 using Gauss’s law, which states that

the field times the dielectric permittivity is equal to the charge giving rise to this field

14





















2. Physics of basic semiconductor and device theory

the drain current, Id , is calculated

Id =− (W/L)µCoxβ−2{(1+βVg)(βφsL −βφs0)− (1/2)[(βφsL)
2 − (βφs0)

2]

− (2/3)α[(βφsL)
3/2 − (βφs0)

3/2]+α[(βφsL)
1/2 − (βφs0)

1/2]
}

. (2.49)

For any given gate bias,

Vg =Vgate +Vbs (2.50)

where βφs0 is found at the source end of the channel, Eq. 2.44, and βφsL is found at the drain end of the

channel, Eq. 2.45. It is required that

0 ≤ φsL ≤ φsat (2.51)

where φsL = 0 corresponds to Vds = 0 and φsL = φsat corresponds to an infinite Vds, Fig. 2.10. To generate

MOSFET characteristics using Eq. 2.49, the procedure is to choose Vbs and φs0. Then, Eq. 2.42 and 2.44

determine Vg as

βVg = βφs0 +a{βφs0 + e(βφs0−2βφF−βVbs)}1/2. (2.52)

In order to generate drain current characteristics as a function of drain bias for a given gate bias Vg, Eq. 2.42,

must be solved for φs0 [28]. When φs0 is known, the current Id as a function of drain bias can be calculated

using an allowed range of values of φsL, Eq. 2.51. In addition, curves of current Id as a function of gate

bias for a given drain bias also can be obtained. For chosen values of Vds, Vbs, and φsL, Vg can be obtained

from Eq. 2.52. With Vg determined, φs0 can be calculated from Eq. 2.42. For Vbs = 0 V, Vg = Vgate. With

φs0 and φsL the current is determined from Eq. 2.64. The drain current in Eq. 2.64, includes both the drift

and the diffusion component. Simpler formulas often are useful in limited bias ranges [29, 38]. In Fig. 2.11

(a) is plotted normalized current Id as a function of drain-source voltage Vds. At large gate voltage Vgate, the

current Id increases almost linearly with Vds and this is the linear regime.

As Vds is increased further, the curves begin to drop below a straight-line dependence upon Vds. The behavior

is parabolic in Vds. This parabolic regime, including the linear regime is called the triode region. For large

enough Vds, Vds ≥Vds,sat , the current saturates at a value Isat . Increasing drain bias hardly affects the current

in this region, the saturation region. In particular, at large Vgate the silicon surface is strongly inverted. At

low Vds, the strong inversion region extends from source to drain, and the channel behaves just like a resistor,

the current is proportional to Vds (linear region). However, at larger Vds enough current flows to cause an

IR voltage drop along the channel, lowering the quasi-Fermi level and reducing the carrier density. More

current implies more IR drop which implies higher channel resistance. So far, the larger the Vds, the higher

the resistance. More Vds is needed to increase the current, than when the channel resistance is fixed (triode
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Subthreshold region The subthreshold region corresponds to gate biases below VT , for band bending less

than 2φF +Vbs. This band bending corresponds to weak inversion and allows NI to be simplified as in

Eq. 2.22. In weak inversion, NI , is small and φs is near saturation value φsat , as follows from Eq. 2.43. In

addition, φs is almost the same everywhere in the channel. The change in NI between source NI0 and drain

NIL is,

NI0 −NIL = NdLD(ni/Nd)
2e(βφsat)e(−βVbs)[1− e(−βVds)](2βφsat)

−1/2 (2.53)

The band bending is constant along the channel in the subthreshold region, at a value φsat . Therefore, there

is no field to drive the current, and the current is due to diffusion. Diffusion current is driven by the gradient

in carrier density, dNI/dx. As the current must be the same at any point along the channel, x, dNI/dx must

be constant and is obtained from

dNI

dx
=

NIL −NIO

L
(2.54)

So far, in the subthreshold region

Id =− (W/L)µβ−1q0NdLD(ni/Nd)
2e(−βVbs)

× e(βφsat)[1− e(−βVds)](2βφsat)
−1/2 (2.55)

where βφsat is a function of Vgate and Vbs

βφsat = βVgate +βVbs +α2/2−α(βVgate +βVbs +α2/4)1/2 (2.56)

Of course, the value of φsat , affects S. In Fig. 2.13 (a) is presented S as a function of α for two φsat values.

1) Near exponential dependence of Id upon gate bias [due to e(βφsat)].

2) Independence of drain bias for Vds ≫ kT/q0 [due to e(−βVds) ≪ 1)].

3) More rapid reduction of Id with Vg when body-to-source reverse bias is applied.

An important parameter characteristic of the subthreshold region is the gate-voltage swing S, corresponding

to the reduction of the current by one decade. That is,

S ≡ ln10{d ln I

dVg

}−1 (2.57)

Using Eq. 2.55, S can be evaluated for a long channel MOSFET

S = (kT/q0) ln10{ d ln I

dβφsat

dβφsat

dβVg

}−1 (2.58)

26





2. Physics of basic semiconductor and device theory

At low drain biases, the (3
2) power terms can be expanded in a Taylor series

(φs0 +Vds)
3/2 −φ

3/2
s0 = (

3
2
)(φs0)

1/2Vds +(
3
2
)(

1
2
)(φs0)

−1/2V 2
ds/2. (2.65)

So far, using Eq. 2.36 for Vth, Eq. 2.64 is written in its most commonly used form

Id =−(W/L)µCox{Vg −Vth − (
1
2
)[1+(α/2)(βφs0)

−1/2]Vds}Vds. (2.66)

This form is the basis of the experimental determination of threshold voltage. The current Id is plotted as a

function of Vgate at low value of Vds. If µ is independent of Vg, according to Eq. 2.66, such a plot is a straight

line with intercept at Vg =Vg0 where

Vg0 =Vth +(
1
2
)[1+(α/2)(βφs0)

−1/2]Vds. (2.67)

Therefore, Vth can be determined from the intercept Vg0, using the known Vds, α and βφs0 ≈ 2βφb. In

practice, this procedure is not straightforward because no straight-line region of Id as a function of Vg is

observed. The mobility of the carriers in the inversion layer varies with Vg. So far, the current Id as a function

of Vg curves change from a subthreshold behavior to a sublinear behavior as Vg increases. A straight line

is fitted to the Id(Vg) curve and the fitted line has the intercept Vg0. The slope of the line fitted through the

inflection point is equal to (W/L)µCox. Because (W/L) and Cox can be measured independently, the slope

determines the mobility. However, a theoretical treatment of the gate voltage dependence of mobility should

be included in Eq. 2.66. The position of the inflection point is affected from the fixed oxide charge and the

interface trapped charge, whenever these charge densities per unit area are higher than 1010 cm−2. Above

an interface charge density of 1010 cm−2, the spatially nonuniform interface charge introduces a nonuniform

inversion layer carrier density, at gate voltage near or below the threshold voltage.

Saturation region At Vg values well above threshold and for Vds ≫ Vds,sat , βφsL = βφsat . In this region,

the current Id has saturated and is independent of Vds. This current, Id,sat , is given approximately by

Id,sat = m(W/L)µCox(Vg −Vth,sat)
2 (2.68)

and the threshold voltage, Vth,sat extracted from the intercept of
√

Id,sat as a function of Vg is given by

Vth,sat =Vf b +φs0 +β−1α(βφs0)
1/2 (2.69)

where φs0 is the band bending at the source end of long channel region. The slope parameter, m, is given by

1/m = 2{1+α/[(βφsat)
1/2 +(βφs0)

1/2]}. (2.70)
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3) Surface-roughness scattering by the deviation of the interface from an ideal plane. This type of scatter-

ing is important under strong inversion conditions because the strength of the interaction is governed

by the distance of the carriers from the surface; the closer the carriers are to the surface, the stronger

the scattering due to surface roughness will be [47–49].

The relative importance of these scattering mechanisms depends on the operating temperature and the

strength of the surface electric field. At low temperatures, the mobility is determined by the combined

effects of Coulomb scattering in the low-field region, and by surface roughness in the high-field region.

At room temperature, the mobility is governed by Coulomb scattering due to charged centers and phonon

scattering in the low-field region. It is dominated by surface roughness and phonon scattering under strong

inversion [43].

To develop a theoretical model for µe f f is not easy, because separation of the contributions of the various

scattering mechanisms is difficult due to the many parameters involved. Theoretical analyses are compli-

cated by the confinement of the channel region to a very small thickness in a potential well at the silicon

surface. The theory is further complicated by quantum effects which play an important role [50], and be-

cause surface roughness requires further investigation [51,52]. The prediction of the effective mobility relies

on experimental data and empirical equations [43, 53]. For example empirical relationship of the following

form,

µe f f = µ0

(

E0

Ee f f

)ν

(2.72)

where µ0 is the maximum extracted value of the mobility at a given doping concentration, is called the

low field surface mobility. E0 is the critical electric field below which µe f f = µ0 and above which µe f f

begins to decrease and ν is an empirical constant. Ee f f is the effective electric field at the Si-SiO2 interface.

An increase in Ee f f causes carriers to be drawn closer to the interface, so surface scattering increases and

hence lowers the mobility. It has been observed that the mobility is independent of the gate oxide thickness,

provided that the Si-SiO2 interface is of good quality (oxide charge density less than 1010 cm−2) and the

channel inversion charge is properly calculated. So far, µe f f is more a function of the Si-SiO2 interface than

device parameters such as oxide thickness or doping concentration. A similar mobility model which fits

experimental data at low Vds for both p- and n-MOSFETs, is of the form

µe f f =
µ0

1+αθ Ee f f

(2.73)

where αθ is called the scattering constant. The Ee f f is related to the bulk depletion charge and to the

inversion charge. Assuming a constant channel electric field in the lateral direction Eq. 2.73 can be written

simply

µe f f =
µ0

1+θ(Vgate −Vth)+θbVbs

(2.74)

where
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θ =
αθ ηCox

ε0εSi

(2.75)

is called the mobility degradation coefficient and η is a weighting factor equal to 1/2 and 1/3 for electrons

and holes respectively. The effect of Vbs on the mobility is simply that the surface field is increased at the

onset of inversion because of the increase in bulk charge. This is equivalent to an increase in substrate

impurity concentration, except that there is no variation in the impurity concentration inside the inversion

layer. So far, if the effective (average) gate field is used, the mobility curve of Vbs = 0 is still applicable [43,

53].

31













3. MOSFET structures and operation

if Rs = Rd = Rsd/2, where Rsd = Rs +Rd . For low drain-source voltage (Vds ≈ 50− 100 mV) the device

is operated in the linear region. For the device biased in strong inversion, with (Vgate −Vth)≫ Vds, Eq. 3.3

becomes

Ids = µe f fCox

We f f

Le f f

(Vgate −Vth)(Vds − IdsRsd) (3.4)

which can be written as

Ids =
µe f fCoxWe f f (Vgate −Vth)Vds

(L−∆L)+µe f fCoxWe f f (Vgate −Vth)Rsd

. (3.5)

From Eq. 3.5 the entire channel resistance Rm can be written as

Rm = Rch +Rsd =
L−∆L

µe f fCoxWe f f (Vgate −Vth)
+Rsd (3.6)

where Rch is the channel resistance and Rsd the source/drain resistance. The mobility µe f f can be written as

µe f f =
µ0

1+θ(V ′
gate −Vth)

=
µ0

1+(Vgate − IdsRs −Vth)/V1/2
≈ µ0

1+(Vgate −Vth)/V1/2
(3.7)

where θ = 1/V1/2 with V1/2 the gate voltage at which µe f f = µ0/2. Rm is derived in Eq. 3.8, with slope m

and intercept Rmi.

Rm =
L−∆L

µ0CoxWe f f (|Vgate −Vth|)
+

|V−1
1/2|(L−∆L)

µ0CoxWe f f

+Rsd (3.8)

m =
L−∆L

µ0CoxWe f f

(3.9)

Rmi =
|V−1

1/2|(L−∆L)

µ0CoxWe f f

+Rsd = |V−1
1/2|m+Rsd (3.10)

Using Eq. 3.2, the parameters µ0, V1/2 and Vth are extracted. The measurements and the fit results for the

circular and the rectangular FZ320 p-MOSFET <100> are presented in Fig. 3.6 (a) and Table 3.1, for electric

field E f ield at the Si-SiO2 interface ≈ 250 kV/cm. Differences are observed for the mobility parameters µ0

and V1/2 between the circular and rectangular design. Smaller differences are observed for the Vth parameter.

The effects of the parasitic series resistance due to the existence of uncertain source-drain diffusion layer

edges should be taken into account. The ∆L, Rsd , µ0 and V1/2 are extracted using Eq. 3.8, according to the

method presented in Ref. [56]. First Rm is plotted against 1/(Vgate −Vth) as shown in Fig. 3.6 (b).

The slope of this plot is m defined in Eq. 3.9 and the intercept on the Rm axis is defined in Eq. 3.10. The

slope m is plotted against L, presented in Fig. 3.7 (a). This plot has a slope of 1/We f f µ0Cox and an intercept
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4. Basic mechanisms of radiation effects and the Si-

SiO2 system

When a segmented silicon sensor is exposed to a radiation environment there will be an alteration of the

electrical properties which results in degradation of sensor performance or sensor failure. The main goals

of the sensor design community is understanding of the physical phenomena involved in the specific envi-

ronment and define process and design rules to achieve hardness assurance. In this chapter are presented the

basic mechanisms of radiation effects on materials Si, SiO2 and the Si-SiO2 system [64].

4.1. Fundamentals of radiation environments and sources

4.1.1. Radiation sources

In general electronic systems are exposed in two main categories of radiation environments. These are

space radiation and radiation from nuclear interactions and explosions as the Particle Physics or Photon

Science experiments. Silicon sensors which exposed in the second category should be optimized to withstand

radiation from short pulses and high dose rates. In order to study the radiation effects, facilities such as 60Co

cells, particle accelerators, flash X-ray machines, Synchrotron sources and nuclear reactors provide the test

radiation environment.

4.1.2. Interaction of radiation with matter

The interaction of radiation with matter depends mainly on the mass, type, charge, and kinetic energy of the

incident particle, and on the atomic mass, charge (atomic number), and density of the target material. There

are a number of specific types of interaction that can occur between primary particles and target atoms,

Table 4.1. In the next paragraphs are presented general features, available in Refs. [64–76].

Photon interactions Photons interact with target atoms through the photoelectric effect, Compton scatter-

ing and pair production. The energy range in which photoelectric collisions dominate depends on the atomic

number, Z, of the material. The probability of a photoelectric interaction decreases with increasing photon

energy and increases with Z. In Compton scattering the photon energy is much greater than the binding

energy of atomic electrons, so this process does not involve complete absorption of the incident photon. The
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Specific interactions between primary
irradiating particles and target atoms
Photons (→ high energy secondary electrons)
• Photoelectric effect
• Compton scattering
• Pair production

Charged particles
• Rutherford (Coulombic) scattering
• Nuclear interactions (heavy particles)

Neutrons
• Nuclear interactions
- Elastic scattering
- Inelastic scattering
- Transmutation reactions

Table 4.1: Specific types of interaction between the primary incident particles and target atoms [64].

incident photon gives up a portion of its energy to scatter an atomic electron. Under this process a Comp-

ton electron is created and the lower energy scattered photon continues to travel in the target material. As

the photon energy increases, Compton scattering dominates over the photoelectric effect. The third type of

photon interaction is pair production and has a threshold energy of 1.02 MeV. Above this energy, a photon

striking a high Z target material may be completely absorbed and cause a positron/electron pair to form. In

Fig. 4.1 is presented the relative importance of the three photon interactions as a function of Z and photon

energy.

Figure 4.1: Relative importance of the three photon interactions as a function of atomic number and photon
energy. Figure taken from [71].

The solid lines correspond to equal interaction cross sections for the neighboring effects. For silicon (Z =

14), the photoelectric effect dominates at energies below 50 keV and pair production dominates at energies

above 20 MeV. Compton scattering dominates in the energy range between these two processes. In all

three cases primary energy transfer from the incident photons to the target material occurs via the secondary

electrons and positrons (at very high photon energy).
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Charged particle interactions Charged particles incident on a target interact primarly by Rutherford scat-

tering (Coulomb scattering). This interaction can cause both excitation and ionization of atomic electrons.

In addition sufficient energy can be transferred to atoms to displace them from their lattice positions. Heavy

charged particles can also undergo nuclear interactions if the scattering is inelastic, for example a proton can

be absorbed in a target nucleus, and then the nucleus emits an alpha particle. Ionization of the target material

is a major consequence of the charged particle interactions. In semiconductors as Si and insulators as SiO2

ionization results in production of non-equilibrium densities of electrons and holes. In general ionization

related with the passage of single energetic particle through a solid, is a complex process where high en-

ergy secondary electrons are generated with various energies and momenta and produce further ionization.

However, the final ionization events and the main energy transfer occur through a single type of intermediate

process involving the collective motions of many valence electrons in simple oscillatory motion against the

background of positive ionic cores. These plasma vibrations, or plasmons as they are called in quantum me-

chanics, are induced by the long range of the Coulomb interaction, which extends over regions containing

many atoms. The plasmon energies, corresponding to the resonance frequency of the oscillations, are typi-

cally in the range from 10 to 20 eV for most solids, depending upon the number density of valence electrons.

A plasmon decays rapidly (≤1 ps) via excitation of a single electron/hole pair across the bandgap. The ex-

cess kinetic energy carried by the individual electrons and holes may result in one or two further ionization

events (depending upon the bandgap width) with the remainder of the energy being quickly dissipated as

thermal lattice motion.

Neutron interactions When neutrons incident a solid target the following nuclear interactions occur: elas-

tic scattering, inelastic scattering and transmutation. For an elastic collision the neutron gives up a portion

of its energy to an atom of the target material, and if this energy is higher than that required for displace-

ment (∼25 eV for most materials) the atom will be dislodged from its lattice position. The displaced atom is

called primary recoil and can lose energy due to ionization and displace other lattice atoms. Inelastic neutron

scattering involves capture of the incident neutron by the nucleus of the target atom and subsequent emission

of the neutron at a lower energy. Kinetic energy is lost in this process and the target nucleus is left in an

excited state. The excited nucleus returns to its original state by emission of a gamma ray. Inelastic neutron

scattering can also cause displacement of the target atom to occur. The transmutation reaction involves cap-

ture of the incident neutron by the target nucleus and subsequent emission of another particle, such as proton

or an alpha particle. The remaining atom is thereby transmuted, for example converted from one element

into another.

Ionization and atomic displacements As mentioned above the two basic effects when a particle incidents

solid state electronics are, ionization (generation of electron/hole pairs) and displacement damage (dislodg-

ing atoms from their normal lattice positions). Depending on the type of the incident particle, ionization

and displacement damage can be primary or secondary effect, Fig. 4.2. In particular as shown in Fig. 4.3,

ionization process in semiconductors and insulators occurs when an electron in the valence band is excited

across the bandgap into a conduction band state, either as a direct result of interaction with an energetic

charged particle or as the result of the decay of a plasmon excitation [77]. In the order of picosecond the

excited electron in the conduction band and the hole left behind in the valence band lose their excess kinetic
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and temperature (30-400 ◦C). Positive voltages push the ions towards the interface, while negative voltages

draw them towards the gate. Device instabilities from mobile ions are minimized by avoiding contamination

during processing.

Fixed oxide charge (Q f , N f ): As the name suggests these are the immobile charges located within approx-

imately 25 Å of the Si-SiO2 interface and normally arise from structural damage associated with oxidation

or various impurity atoms. Generally Q f is positive and depends on the oxidation ambient, temperature and

annealing conditions and silicon orientation. It is independent on the doping type and concentration in the

silicon, oxide thickness and oxidation time.

Oxide trapped charge (Qot , Not): The oxide trapped charge Qot is associated with defects in SiO2. The

oxide traps are usually electrically neutral and are charged by introducing electrons and holes into the oxide

through ionizing radiation. The magnitude of Qot depends on the amount of radiation dose and energy and

the field across the oxide during irradiation. Qot resembles Q f in that its magnitude is not a fraction of silicon

surface potential and there is no capacitance associated with it.

Interface trapped charge (Qit , Nit): The interface trapped charge, is the charge due to electronic energy

levels located at the Si-SiO2 interface with energy states in the silicon bandgap that can capture or emit

electrons or holes. These electronic states arise because of the lattice mismatch at the interface, dangling

bonds, the adsorption of foreign impurity atoms at the silicon surface and other defects caused by radiation or

similar bond breaking processes. These are the most important type of charges because of their wide-ranging

and degrading effect on device behavior. Under equilibrium condition, the occupancy of these interface states

or traps is governed by the position of the Fermi level. The interface trap levels are distributed across the

silicon energy band, and the interface trap density Dit , is defined

Dit =
1
q0

dQit

dE
number of charges/eV · cm2 (4.1)

is extremely sensitive to even minor process details, varies significantly from process to process and is

orientation dependent.

Border traps (Qbt , Nbt): These traps have been introduced by Dan Fleetwood [87] as slow states, near

interface oxide traps, switching oxide traps and by other names. The border traps are those near interfacial

oxide traps located within approximately 3 nm of Si-SiO2 interface. There is no distinct depth limit, however,

border traps are considered to be those traps that can communicate with the silicon through capture and

emission of electrons and holes on the time scale of interest [4].

In the MOS defect literature, there are wide varieties of nomenclatures used to characterize defects in ma-

terials, devices and circuits. The different terms that are often used to describe defects that are similar or

even identical in microstructure can vary with the method of characterization, the effect of the defect on the

device of interest, the background of the investigator, the convention of the particular technical community
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4.4. Effects of X-ray on MOS devices

4.4.1. Radiation-Induced Charge Neutralization-RICN effect

According to Fleetwood et al. [100, 101] the peak charge neutralization rate is approximately equal to the

rate of trapped-hole build-up under positive bias. This establishes an upper bound on the rate of radiation-

induced charge neutralization and demonstrates that under peak neutralization conditions, the effective cross

section for the capture of radiation-induced electrons by a filled hole trap is similar to the effective cross

section for capture of a hole by an empty trap. Interface traps are found to build-up at approximately the

same rate when the oxide electric field at the Si-SiO2 interface is positive, regardless of the field direction in

the bulk of the oxide. This suggests that near-interfacial hydrogen plays a key role in interface-trap build-up

in MOS devices. As shown in Fig. 4.21 (a) threshold voltage shifts ∆Vth are plotted as a function of X-ray

dose for n- and p-MOSFETs with tox = 50 nm gate oxides.

Figure 4.21: Threshold voltage shifts as a function of radiation dose and gate bias (a) for n- and p-MOSFETs
and threshold voltage shift, (b) due to oxide charge and (c) due to interface traps as a function of radiation
dose and gate bias for n-MOSFET. The electric field in the oxide Eox for positive and zero gate voltage, is

shown on the right. Figures taken from [100, 101].

For positive gate bias, Fig. 4.21 (right), the magnitude of ∆Vth for both cases increases with X-ray dose,

as expected. The offset between the curves occurs because interface traps shift the threshold voltage of a

p-MOSFET negatively, and that of an n-MOSFET positively [102–104]. In addition, Figs. 4.21 (b) and (c)

show ∆Vox and ∆Vit as a function of X-ray dose for the n-MOSFET. Comparing the Figs. 4.21 (a) and (b) the

changes in threshold voltage are caused by the build-up and neutralization of the fixed oxide charge. Ionizing

radiation produces electron-hole pairs in SiO2. At large electric fields ≈ 70 %−90 % of these pairs escape

geminate recombination [105]. Holes execute a much slower random walk toward the Si substrate [92].

At constant positive bias, these holes are annealed, and/or "compensated" by electrons that tunnel into the

oxide and become trapped nearby (rebound effect) [106, 107], over times ranging from milliseconds to
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years, depending on the energy of the traps and their distances from the interface. When the bias is changed

from +10 V to −12 V at 150 krad, the direction of electron and hole transport processes are reversed, and

"conventional" trapped-hole neutralization via tunneling processes at the Si-SiO2 interface is suspended.

Holes now exit into the gate, or are trapped so close to the gate that they shift the threshold voltage negligibly,

and electrons move toward the Si-SiO2 interface. If an electron encounters a hole trapped near the Si-SiO2

interface, the electron may become trapped nearby and neutralize the charge of the hole, or recombine with

the trapped hole directly, reducing the ∆Vox in either case. The effective charge neutralization rate between

−6 V and −1 V (180 krad to 240 krad), as shown by the slope in Fig. 4.21 (b), is approximately constant and

equal to the rate of hole build-up from 0 to 150 krad under +10 V bias. This equality of rates implies that,

under conditions of peak neutralization, the effective cross section for radiation-induced electron capture by

a positively charged oxide trap is similar to the effective hole capture cross section of an empty trap [108].

Interface trap build-up through the charge neutralization process, is presented in Fig. 4.21 (b), the values

of ∆Vit for the n-MOSFET of Fig. 4.21 (a). From 0 to 150 krad, interface traps build-up linearly with

dose, as expected for this bias. Following the switch to negative bias, no interface trap build-up is observed

for biases below −4 V. However interface traps clearly are building-up for biases between −4 V and 0 V.

Assuming that H+ ions are responsible for the interface trap build-up [89], from −12 V to −5 V, the applied

bias is sufficiently large that a negative field exists across the entire oxide, and no interface trap build-up is

observed. At a bias of −4 V, however, the field due to the fixed oxide charge exceeds that of the applied

gate bias, and the field at the Si-SiO2 interface is positive, Fig. 4.21 (c). If H+ ion drift is responsible for

the interface trap build-up, this result implies that the H+ ions responsible for creating the interface traps

must be liberated between the point of field reversal in the oxide and the substrate, in the region of the oxide

where the electric field is positive. The rate of build-up between −4 V and 0 V, Fig. 4.21 (right), is similar

to the rate of build-up under positive bias may also suggest that near interfacial hydrogen plays a key role in

all of the observed interface trap build-up.

4.4.2. Rebound effect

The physical mechanisms that produce "rebound" or "recovery" effects have been identified in Refs. [106,

109, 110]. The positive increase in threshold voltage during a bias anneal is due to annealing of oxide

trapped charge. Rebound can be predicted by measuring the contribution to the threshold voltage from

radiation-induced interface states immediately after irradiation. In particular after an initial negative decrease

in the threshold voltage of an n-MOSFET during irradiation, under a positive bias the threshold voltage

may increase to values well above the pre-irradiation threshold voltage. In Fig. 4.22 (a) is presented the

threshold voltage, Vth, of a n-MOSFET with tox = 45 nm, during irradiation and during a bias anneal at

room temperature and at 125 ◦C [106]. The gate voltage was, Vgate = 10 V, and the drain-source voltage

was, Vds = 0 V during both irradiation and anneal. The threshold voltage shows the rebound effect. During

irradiation (<1 hour) the threshold voltage decreased to approximately zero volts. During the bias anneal the

threshold voltage increased to over 3.5 V at 125 ◦C. The room temperature data, also tending to the same

value. The contribution of interface traps, ∆VNit , and oxide charge ∆VNox are also shown in Fig. 4.22 (a).

During irradiation ∆VNit increased by approximately 2.5 V and ∆VNox decreased by approximately 3.5 V,

the net threshold voltage shift being −1.0 V. ∆VNit did not change significantly during the bias anneal. In

approximately 100 hours of bias anneal ∆VNox was completely annealed at 125 ◦C. At this point, the threshold
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5. X-ray dose and E f ield dependence of N e f f
ox

In this chapter is presented the measurement of the E f ield and time dependence of the N
e f f
ox of the Si-SiO2

system as a function of X-ray dose using high-ohmic n- and p-MOSFETs, fabricated on the same wafer with

silicon sensors. The MOSFET structures are built on <100> and <111> bulk Si with oxide thickness 700 nm

and 250 nm respectively.

5.1. High-ohmic p- and n-MOSFETs irradiated with E f ield

The surface radiation damage of the Si-SiO2 interface and of SiO2 grown on high-ohmic n- and p-type Si, as

used for the fabrication of segmented silicon sensors, has been investigated. Circular p- and n-MOSFETs,

biased in inversion and accumulation at an electric field in the SiO2 of about 500 kV/cm, have been irradiated

by X-rays up to a dose of about 17 kGy(SiO2) in different irradiation steps. Before and after each irradiation,

the gate voltage has been cycled from inversion to accumulation conditions and back, and the threshold

voltage of the MOSFETs and the hole and electron mobility at the Si-SiO2 interface determined. From the

threshold voltage, the effective oxide charge density, N
e f f
ox , is calculated. The measurement of the drain-

source current during the irradiation allows the study of the change of the oxide charge density during

irradiation. Results on the dose dependence of the effective oxide charge density, the charging up and

discharging of border traps when changing the gate voltage, and the hole and electron mobility at the Si-

SiO2 interface are presented.

5.1.1. The p-MOSFET irradiated with E f ield pointing from the Si into the SiO2

In this section is presented how N
e f f
ox depends on the X-ray dose and on the direction of the electric field

in the SiO2. In addition, the dependence of the hole mobility at the Si-SiO2 interface on X-ray dose and

electric field in the SiO2 is determined. A circular p-MOSFET fabricated on n-doped Si with <111> crystal

orientation has been irradiated by X-rays to a dose of ≈17 kGy(SiO2) with increasing irradiation steps,

and the time dependence of the drain-source current, Ids( t), has been measured. During the irradiations the

MOSFET has been biased in strong inversion, resulting in an electric field in the SiO2 of 500 kV/cm pointing

from the Si into the SiO2 [120]. In Ref. [121] the electric fields in silicon strip detectors have been calculated

using TCAD simulations taking into account surface radiation damage, and it is concluded that 500 kV/cm

can be assumed as an upper limit for the electric field at the Si-SiO2 interface of silicon sensors, also shown

in Ch. 4.
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Table 5.5: Irradiation conditions and extracted values of the surface radiation parameters as a function of
X-ray dose of the n-MOSFET <100> irradiated with E f ield ↓.
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effects during and after irradiation can complicate MOS hardness assurance testing and worst case response

modeling [101, 137]. The duration of all the irradiation steps except the last of 5.36 kGy, was <1 hour.

Assuming a time constant of the effect 3 hours no significant recovery observed during irradiation. However

for the 5.36 kGy irradiation step, green color in Fig. 5.27 (a) the time duration was ≈ 7.5 hours. The shape

of the curve indicates a large impact of recovery during the total X-ray dose irradiation. In particular the rate

of the negative shift is approximately compensated by the recovery, Eq. 5.9,

− dVrad

dt
≤ dVrec

dt
(5.9)

where dVrad/dt is the rate that the radiation produces negative voltage shifts and dVrec/dt is the slope of

the recovery curve [109]. As shown in Fig. 5.27 (a) for the first irradiation step of 10 Gy, magenta color,

the recovery stops when gate bias is not present. The next irradiation of 10 Gy, olive color, starts from

the same N
e f f
ox value where the previous recovery stopped. The recovery after the first irradiation steps is

much greater, as the damage that introduced during these steps also recovers later. The peak in Figs. 5.27

(a) and (b) when the irradiation stops and the recovery starts is due to nearly exact cancellation of the two

competing mechanisms that contribute to the shift in threshold voltage. As shown in Figs. 5.29 (a) and (b)

the recovery for the higher irradiation steps is approximately the same. This indicates that the recovery

properties are independent of the total X-ray dose. A dose rate dependence is expected [109], however all

the irradiation steps were performed with one dose rate value and no further conclusions can be extracted.

For negative bias during and after irradiation no significant recovery was observed, Fig. 5.27 (a). According

to Refs. [106,109] the "rebound" or recovery effect strongly depends on gate bias and with negative bias, the

energy level of the oxide traps is raised considerably above the silicon conduction band edge decreasing the

probability of occupancy by an electron. The Eox points ↑, so the weakly bound electron on the oxide trap

defect can escape from the trap and tunnel back into the silicon.

Border traps and electron mobility The tenth column of Table 5.5 shows the X-ray dose dependence

of ∆Nox,ch(D), the charging up of border traps during the three hours after irradiation, and the eleventh

column ∆Nox,disch(D), the discharging of the border traps, when changing Vgate from inversion to accumula-

tion, remaining 3 hours in accumulation and then biasing back to inversion. The values of ∆Nox,ch(D) and

∆Nox,disch(D) are positive for low doses and negative for the highest doses. The absolute values are quite

small compared to N
e f f
ox . Positive values of ∆Nox,ch(D) and ∆Nox,disch(D) correspond to an increase and a

decrease of the N
e f f
ox after 3 hours biasing in inversion and accumulation respectively. The negative values of

∆Nox,ch(D) correspond to charging up of border traps with negative charge due to electron trapping in Si, as

the electric field points ↓ from the SiO2 into the Si. Similar the negative values of ∆Nox,disch(D) correspond

to charging of border traps with positive charge due to hole trapping or electron de-trapping, as the electric

field points ↑ from the Si into the SiO2. The ∆Nox,ch(D), ∆Nox,disch(D) and the electric field during charging,

E
post irr
f ield , and discharging, Eacc

f ield , are shown in Fig. 5.30.

Also the Ids(Vgate) calibrations allow to determine the dependence of the electron mobility on Vgate for

different dose values. For the parametrization, Eq. 5.2, is used. The results for µ0 and V1/2 for the reverse

calibration curves following the irradiations, are shown in Table 5.5 and in Fig. 5.31. For the non-irradiated

n-MOSFET, is extracted an electron mobility at E f ield ≈ 0 of µ0 = 1147 cm2/(V·s), which is significantly
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as "fixed states", while faster traps will switch charge states during an I-V measurement performed to esti-

mate the threshold voltage. So far measurements at a single effective frequency cannot easily discriminate

between the effects of interface traps and border traps (faster than the characteristic measurement time) on

the device response. Charge pumping measurements [160] for example at a frequency of ≈ 1 MHz allow

an appropriate separation of bulk oxide trap, border trap, and interface trap effects. In particular traps that

exchange charge with the Si at frequencies less than ≈ 1 Hz are classified as oxide traps, traps that exchang-

ing charge at ≈ 1 MHz or below are classified as border traps. Some border traps will exchange charge with

the Si on time scales slower than ≈ 1 s, while some others (very near the interface) may communicate with

the Si on time scales faster than ≈ 10−6 s. In conclusion the above analysis illustrates the charge state of

the border traps under device operating conditions. For n-MOSFETs, border traps may either be neutral or

negatively charged near inversion. Thus, border traps affect n- and p-MOSFETs differently, depending on

their respective charge states in the two types of devices.

5.2. Summary

In this chapter a measurement cycle is developed, which allows to determine the radiation-induced effects

on oxide charge, the charging and discharging of border traps and the change of the surface mobility with

irradiation. It has been applied on p- and n-MOSFETs with electric field pointing into the SiO2 and into

the Si during irradiation. For the n-MOSFET with the electric field pointing into the Si and the p-MOSFET

pointing into the SiO2 the changes of the effective oxide charges during irradiation can be monitored. X-ray

irradiation in different steps up to a total dose of 16.61 kGy have been performed. It has been found that

no particular effects happen during or shortly after the irradiation. The effective oxide charge density is a

smooth function of time during the irradiation cycle. As expected, the radiation-induced oxide charge density

depends on the electric field and the type of charge carriers, electrons or holes at the Si-SiO2 interface, during

irradiation. For the p-MOSFET the effective oxide charge density increases to 2.0 ·1012 and 1.3 ·1012 cm−2

after a dose of 16.61 kGy for the electric field pointing into the SiO2 and into the Si, respectively. For

the latter case, a value of 1012 cm−2 is reached already at around 1 kGy, beyond which it increases only

slowly. For the n-MOSFET for both field directions the effective oxide charge first increases with irradiation.

However for higher dose values the effect of charge neutralization sets in, resulting in a reduction of the

effective oxide charges and even negative values. These observations can be described by the neutralization

and rebound effects discussed in the literature. For the p-type Si, the acceptor-type interface traps in the

upper half of the silicon bandgap below the Fermi level will be negatively charged. The donor-type interface

traps in the lower half of the bandgap will be neutral. Electrons can tunnel either from the oxide valence band

or from the silicon and neutralize the oxide charge density. Time and temperature dependence of rebound

can be accounted by a thermally assisted tunneling process. The p-MOSFETs do not show rebound effects

after irradiation. The above observations about radiation-induced charge neutralization and rebound effects

indicate evidence for space charge effects in the SiO2 which can influence the electric field in a sensor and

finally the breakdown voltage.
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In this chapter is presented the subthreshold current technique. The development of the technique is based

on Refs. [102, 103, 161] and is applied on high-ohmic n- and p-MOSFETs designed on the same wafer with

silicon sensors.

6.1. Introduction

Silicon sensors which use SiO2 for the gate dielectric and surface passivation change their response when

exposed to ionizing radiation. The change results from two phenomena, 1) radiation-induced oxide charge,

∆Nox and 2) radiation-induced interface traps ∆Nit . Ionization induced effects on transistors are the result of

electron-hole pair generation and recombination in SiO2, hole transport and trapping, interface trap forma-

tion mechanisms, the chemical structure of the hole trap and interface trap, the energy distribution density Dit

of the interface traps, the de-trapping mechanisms of trapped holes and the annihilation mechanisms for in-

terface traps. Many models have been developed during the last 50 years for the observed characteristics and

their dependence on dose, dose rate, electric field, temperature, oxide thickness and oxide processing. Most

of the research to characterize the radiation-induced trapped hole and interface trap densities has been done

with a nearly ideal, one dimensional test structure, the MOS Capacitor, MOSC. The primary techniques used

to study the mechanisms of ∆Nox and ∆Nit on capacitors involve capacitance-voltage or conductance-voltage

measurements. These measurements are made as function of temperatures, sweep rates and frequency to

characterize the trapping and de-trapping of ∆Nox and the energy dependence of ∆Nit in the Si bandgap.

Other techniques involving charge injection and gate current measurements are used to measure the spatial

dependence and energy levels of the trapped holes. Although the MOSC is an ideal structure for studying

the physics of ∆Nox and of ∆Nit , however there are practical limitations for applications such as device char-

acterization and hardness assurance [162]. For example 1) MOSCs are not used to build silicon sensors,

2) practical bias conditions cannot be evaluated (eg. pn junction bias) and 3) geometrical effects cannot

be evaluated. Several failure mechanisms relating to interface traps started to dominate such as, mobility

degradation and positive threshold voltage shifts in n-channel MOSFETs referred to as "rebound" or recov-

ery [106]. It has long been recognized in the microelectronics and space radiation community that the most

practical test structure for characterizing the ionization response of the MOS system is the MOSFET [163].

The subthreshold technique, which was first presented in 1984 [102] and was formalized in 1986 [103],

is based on standard I-V characteristics and is the only technique which combines a method for ∆Vox and

∆Vit determination. The subthreshold drain-source current Ids at a fixed drain to source voltage, Vds, is mea-

sured as a function of gate voltage Vgate. In an ideal device, the Ids and Vgate are related by Ids ∝ exp(Vgate).
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where µ is the effective channel carrier mobility, Nd the interface doping, ni the intrinsic doping concentra-

tion, W the channel width, L the channel length, β = q0/kT , φs the surface potential, α =
√

2(εSi/LD)/Cox,

εSi the silicon dielectric constant, LD the Debye length, and drain voltage is a few kT/q0. This equation is

derived using the Brews charge sheet model [28,36,164]. The current in this case refers to the current which

flows in the channel of the device. It does not include gate and substrate leakages or any other parasitic

effect. The channel current in Eq. 6.1 is a strong function of the surface potential. The gate voltage is related

to the surface potential so that the dVgate

d ln Ids
can be calculated. This derivative gives the gate voltage swing

needed to reduce the current by one decade, and is called the subthreshold swing. The subthreshold swing,

S, is defined by

S = β−1 ln10
dβVgate

dβφs

dβφs

d ln Ids

(6.2)

Changes in the variables, which determine the channel current, can affect the subthreshold swing, if they

are a function of the surface potential. Eq. 6.2 is used to determine the midgap current in the subthreshold

technique. To calculate the derivative in Eq. 6.2, a function relating the gate voltage to the surface potential

is needed. Using the depletion approximation, the following equation was derived by Brews [164]

βVgate = βφs +a(βφs −1)1/2 (6.3)

Using Eqs. 6.2 and 6.3, and assuming that all coefficients do not change with surface potential, the derivative

in Eq. 6.2 can be calculated and the subthreshold swing becomes

S = β−1 ln10
1+ Cdep

Cox

1− 2
α2 (

Cdep

Cox
)2

(6.4)

where Cdep is the channel depletion capacitance. The subthreshold swing is not expected to be constant from

midgap to inversion due to the depletion capacitance. The depletion capacitance results from the depletion

of majority carriers in the channel region and is in series with the insulator (gate) capacitance. As the

surface potential is increased, the depletion region grows and the total capacitance decreases. The minimum

total capacitance occurs between midgap and inversion and this is also the point at which the minimum

subthreshold swing occurs. The swing increases as the surface potential is increased or decreased.

6.2.2. Subthreshold charge separation technique

There are two methods to separate the threshold voltage into a voltage shift due to oxide charge, ∆Vox and

interface traps ∆Vit using the subthreshold technique. The two methods depend on whether ∆Vox or ∆Vit is

directly calculated from the subthreshold curve and are referred to as, 1) Midgap voltage method and 2)

Subthreshold swing method.

Threshold voltage Vth: The parameter most often used to characterize the radiation hardness of a MOS-

FET is the threshold voltage Vth. ∆Vth is given by
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at midgap is usually small to be measured with conventional picoammeters or electrometers. Therefore, an

extrapolation technique is used to determine the midgap voltage from the channel current, Ids, versus the

gate voltage, Vgate, in the subthreshold region. The channel current in subthreshold (weak inversion) is given

in Eq. 6.1. The channel current at midgap, Img, can be found by substituting the midgap value of surface

potential, φb, into Eq. 6.1. The midgap voltage, Vmg is the gate voltage at Img found by extrapolating the

measured subthreshold characteristic. In Fig. 6.2 is presented the Ids as a function of Vgate in log scale.

φs = φb =
kT

q0
ln
(

Nd

ni

)

(6.7)

The radiation-induced voltage shift due to charged interface traps is assumed to be that portion of the inver-

sion or threshold voltage shift which is not due to the trapped oxide charge. The use of inversion voltage is

mathematically more correct since it is the value of gate voltage for a specified value of the surface poten-

tial. However, the use of the threshold voltage, which is an empirical value, is more practical since it is the

parameter specified on measured data and generally used to measure radiation performance. The threshold

voltage change due to irradiation, ∆Vth, is a result of the voltage shift due to trapped oxide charge, ∆Vox, and

the voltage shift due to the charged interface states, ∆Vit . In n-channel devices, the value of ∆Vit is positive

due to the predominance of acceptors, and in p-channel devices, ∆Vit is negative due to the predominance of

donors. Using the midgap voltage method, the value of ∆Vit is found from Eq. 6.8

∆Vit = ∆Vth −∆Vox (6.8)

and ∆Nit can be found from Eq. 6.9

∆Nit =
Cox∆Vit

q0
. (6.9)

Subthreshold swing method

The subthreshold swing method of the charge separation technique is based on two calculations: 1) The

radiation-induced voltage shift due to interface traps, ∆Vit , using the change in subthreshold swing, ∆S, and

2) The radiation-induced shift from oxide charge, ∆Vox, using ∆Vit , and the change in threshold voltage, ∆Vth.

Assuming α >>Cdep/Cox, the pre-irradiation subthreshold swing Spre can be written as

Spre =
kT

q0
ln10(1+

Cdep

Cox

) (6.10)

and the post-irradiation subthreshold swing, Spost , is defined by equation,

Spost =
kT

q0
ln10(1+

Cdep +Cit

Cox

) (6.11)

105



6. Subthreshold current technique

The difference between the pre- and post-irradiation subthreshold swings, ∆S, is

∆S = Spost −Spre =
kT

q0
ln10

Cit

Cox

(6.12)

If the interface states are uniformly distributed between midgap and inversion, the interface state capacitance,

Cit , causes the voltage shift, ∆Vit , which is equivalent to

∆Vit =
Cit

Cox

φb (6.13)

Using Eq. 6.12 and 6.13, the value of ∆Vit is obtained from ∆S where

∆Vit =
q0φb

kT ln10
∆S (6.14)

Eq. 6.14 is based on the following assumptions, 1) no lateral nonuniformities of trapped oxide charge in the

oxide, 2) the net charge of interface traps at midgap is zero and is uniform between midgap and inversion

and 3) α >> Cdep/Cox and α >> (Cdep +Cit)/Cox. The assumption that α >> (Cdep +Cit)/Cox is a fairly

stringent restraint. As the number of interface traps increases, Cit also increases. This assumption essentially

limits the application of this method. At high total dose levels, this assumption should be checked. Similar

to the midgap voltage method, the voltage shift due to oxide charge, ∆Vox, is calculated using the shift in

threshold or inversion voltage from the

∆Vox = ∆Vth −∆Vit (6.15)

6.3. Discussion of variables and assumptions in the subthreshold charge sep-

aration technique

The analysis of a MOSFET that has a near linear subthreshold swing using the subthreshold charge sepa-

ration technique is well defined. The subthreshold swing is extrapolated to find the midgap voltage. The

extrapolation is necessary because the midgap current is below the leakage of the device (for low-ohmic

Si substrate) and the instrumentation is not capable of measuring such low current levels. When a device

exhibits a nonlinear subthreshold swing, one must choose what part of the curve to extrapolate. In some

cases, the choice can yield widely different midgap voltages, which affects the trapped hole and interface

state results. The correct choice depends on the purpose of the analysis and on the robustness of the sub-

threshold charge separation technique. There are inherent assumptions in the theoretical development, and

violations of these assumptions may or may not greatly affect the analysis results. To analyze nonlinear

characteristics, the analyst must hypothesize possible causes and determine how the subthreshold technique

is affected. Combining these hypotheses with the aim of the study, the analyst must determine the portion of

the curve to extrapolate [161].
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holes and electrons and still provide a good tool for judging radiation hardness. Violation of the assumption

that the interface traps are amphoteric would cause a non-neutral interface charge at midgap, but would not

affect the linearity of the subthreshold characteristics. Research has been performed showing that interface

traps are amphoteric [96, 168] and non-amphoteric [169]. In n-channel MOSFETs, donors above midgap

and in p-channel MOSFETs, acceptors below midgap will result in an overestimation by the subthreshold

technique of the oxide charge and an underestimation of the interface traps by the number of non-amphoteric

traps [161].

6.4. High-ohmic p- and n-MOSFETs

Silicon sensors are produced on high-ohmic p- or n-doped material. The application of the subthreshold

current technique on MOSFET test devices produced on the same wafer with the sensors, is a challenge. In

this section is presented the midgap method of the subthreshold current technique and the determination of

the oxide trapped charge, the interface traps and the density of interface traps as a function of energy in the

Si bandgap on high-ohmic material. In order to perform the analysis, the following data set and parameters

must be known, 1) the drain and/or source current (which best represents the channel current) as a function

of gate voltage for gate voltages corresponding to below midgap through strong inversion. This data set may

be taken either in the linear or saturated region provided Vds >> kT/q0. In the present analysis the data set

have been taken in the linear region (|Vds|= 50 mV) in order to avoid the pinch off region in the MOSFET.

In addition 2) the measurement of mobility, 3) the gate oxide thickness and 4) the interface channel region

doping density. For an ideal MOSFET, the drain current will be composed almost entirely of the channel

current under the gate. In this case, the drain current will follow an exponential dependence on gate voltage

in the subthreshold with a single valued slope and will yield to ideal MOSFET subthreshold characteristics.

In real MOSFETs, there are several other components of drain current that will result in a departure from

the ideal subthreshold curve. These components include drain to substrate leakage, gate leakage, edge or

sidewall leakage and back channel leakage. A technique for reducing the interference from leakage sources

is to measure the source current, Is, rather than the drain current, Id . This will eliminate the drain to substrate

leakage current, since source and substrate are usually common, and it may reduce other leakage components

as well. Before a decision is made whether to monitor Id as a function of Vgate, or Is as a function of Vgate, the

currents in all available leads of the MOSFET should be monitored as a function of Vgate on the unirradiated

samples. In the following data the drain-source current Ids, has been measured from the source electrode,

Is, of the circular MOSFET design in order to avoid leakage current effects. To apply the subthreshold

charge separation technique, a value for the channel mobility is required. From the parametrization mobility

model presented in the previous chapter the strong inversion mobility as a function of gate voltage can be

extracted. In the subthreshold region the mobility needed is the weak inversion value. Since, for a MOSFET,

the mobility increases as the surface potential is lowered, the maximum strong inversion value should be

used. The interface states degrade the mobility and it is expected that the post-irradiation mobility will

be less that the pre-irradaition value. The subthreshold charge separation technique applied to low-ohmic

MOSFETs has been introduced using the pre-irradiation mobility to analyze the post-irradiation data, and

re-calculating the mobility for each post-irradiation data set [161]. If the pre-irradiation value is used, it

is assumed that the weak inversion mobility changes little with irradiation or the mobility calculated from

the post-irradiation curves are a worse estimate of the post-irradiation weak inversion mobility. Using the
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Table 6.4: Charge separation results as a function of X-ray dose of the n-MOSFET <100> irradiated with
E f ield ↓.
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6. Subthreshold current technique

of oxide thickness [173]. To obtain these results I-V curves were recorded using gate voltage ramp rate

≈ 1 V/s. The Dit distributions have been extracted with a slow ramp, approaching the "true" interface state

distributions. It is probable that prompt interface state build-up occurs in gate oxides but is usually masked

by the two stage process [90, 176]. The dominance of one build-up mechanism over the other is probably

controlled largely by the oxide thickness. At applied fields below about 1 MV/cm, interface state build-up

in thick oxides takes place primarily. The strong effect under negative bias suggests that the E f ield at the

Si-SiO2 interface is particularly important to Nit build-up, and consequently the prompt Nit build-up may

result primarily from local interactions near the interface rather than in the oxide bulk [174]. The prompt

interface states may be caused by either a bulk process such as bond-breaking or lattice distortion leading to

interface strain and consequential to Nit , or by direct creation of states near the Si-SiO2. So far, important

similarities have been observed for the two different orientations <100> and <111> irradiated up to ≈17 kGy

Xray dose. In a short list: i) all samples after irradiation exhibit a characteristic peak above the midgap, ii)

all samples exhibit a peak below midgap at approximately the same energy position and iii) the peak below

the midgap seems to be more stable than the peak above the midgap, similar to Ref. [177].

6.5. Summary

In this chapter an effort is made to separate the contribution of the oxide charge density and interface trap

density to the effective oxide charge density determined in Ch. 5. The method used is based on the Brews

charge sheet model for long channel MOSFETs. It is only sensitive to interface traps in parts of the bandgap

below midgap for p-MOSFETs and above midgap for n-MOSFETs. It is found that the interface trap density

increases with X-ray dose for p-MOSFETs and n-MOSFETs and both directions of the electric field during

irradiation in a similar way. In this chapter many assumptions have been made and further work is required

to validate them.
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7. Gate Controlled Diode measurements on MOSFETs

Figs. 7.2 (a) and (b), only those centers which are within the depletion region of the metallurgical p-n junction

contribute to the generation current. When the surface under the gate is inverted, Figs. 7.2 (e) and (f), centers

within the depletion region of the field induced junction between the inversion layer and underlying substrate

also contribute to the total generation current which is therefore larger than in the first case. When the surface

is depleted, Figs. 7.2 (c) and (d), centers at the Si-SiO2 interface provide another contribution to the total

generation current resulting in a peak in the reverse current vs. gate voltage characteristics. Such surface

generation recombination centers or fast surface states can be charged and discharged. The contribution to

the generation current associated with the surface depletion region is related to the width of this region xd .

When the surface is depleted, xd and hence this current component increases with increasing gate voltage

Vgate, as indicated by the dotted line in Fig. 7.1 (b). When the surface is inverted, xd reaches its maximum

value and there is no further increase in this current component. So far, the generation current may consist

of one or more of the following three components depending on the nature of the surface space charge

region [180],

Im j = q0Um jWAm j (7.1)

I f i j = q0U f i jxdmax
As (7.2)

Isur f = q0UsAs (7.3)

where Um j and U f i j are the carrier generation rates per unit volume in the depletion regions of the metallur-

gical and field induced junctions, respectively. Us is the carrier generation rate per unit area at the Si-SiO2

interface, and W and xdmax
are the depletion region widths of the metallurgical and field induced junctions.

Am j is the area of the metallurgical junction, and As is the area of the substrate under the gate. It is evident

from Eqs. 7.1 and 7.2 that whereas both bulk generation components should depend on the magnitude of the

reverse bias voltage through W and xdmax
. However the surface generation current, Eq. 7.3, is independent of

the reverse bias [180].

7.1.1. Before X-ray irradiation

The gate controlled diode measurement on MOSFETs can be carried out with the source floating, reverse

voltage Vd applied on the drain, drain floating with reverse voltage Vs applied to the source or the source

connected to the drain with the reverse voltage Vds applied to source and drain [178, 180]. The Vgate for

n-MOSFET is increased from a negative voltage (which corresponds to surface accumulation) to a positive

voltage (which corresponds to strong inversion), while the drain (or the source or both the drain and source)

is kept at a constant positive voltage and the current is measured from the backside Iback. The ramp rate of

Vgate should be low so the MOSFET is under steady-state conditions [178, 185]. For the bias configuration

(source floating) shown in Fig. 7.3 (a), when a positive voltage (Vd > 0) is applied to the drain, the p-n

junction between the substrate and the drain is reverse biased. To describe this steady state situation the
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7. Gate Controlled Diode measurements on MOSFETs

the metallurgical source/substrate junction and the field induced junction respectively. When the surface is

depleted, the generation-recombination centers at the Si-SiO2 add the surface current component Isur f . As

a result, the maximum reverse current is observed at a Vgate for which the silicon surface under the gate is

depleted. However as the metallurgical source/substrate and drain/substrate junctions are not identical, the

current Idm j of the drain/substrate junction is not equal to the current Ism j of the source/drain junction. Hence

the current I f i j cannot be determined simply from the gate controlled measurement with source floating.

This problem can be solved with the measurement where the source is connected to drain [178]. In this

case, when the surface is accumulated both the source/substrate and drain/substrate junctions contribute to

the reverse current Iacc or Im j where,

Iacc = Im j = Ism j + Idm j (7.7)

and when the surface is strongly inverted the reverse current Iinv is defined as,

Iinv = Ism j + Idm j + I f i j. (7.8)

According to Eqs. 7.7 and 7.8, I f i j can be determined from I f i j = Iinv − Iacc. Similar to the bulk G-R centers,

interface traps at the Si-SiO2 interface can also act as G-R centers and they are responsible for the observed

surface generation current Isur f . As shown in Refs. [178, 181], only the interface traps energy levels Eit

close to the midgap EI (i.e. Eit ≈ EI) are efficient surface G-R centers. When the surface under the gate is

depleted, the surface generation current component can be written as

Isur f =
1
2

q0niσυthNitAs (7.9)

where υth is the thermal velocity, Nit the density of interface traps with energy states near midgap and σ

is their capture cross section which is assumed to be the same for electrons and holes. When the Isur f is

extracted the surface G-R centers can be obtained from Eq. 7.9.

7.1.2. After X-ray irradiation

Surface current measurements after X-ray irradiation have been performed on the n-MOSFET <100> irradi-

ated with E f ield ↑. As shown in Fig. 7.4 (a), the Iback(Vgate) with drain-source voltage Vds = 10 V has been

measured as a function of X-ray dose. The value of Vf b shows a negative shift up to 610 Gy X-ray dose, due

to the increase of the oxide charge density. For the higher doses up to 16.61 kGy a positive shift is observed,

due to the decrease of the oxide charge, in agreement with the results presented in Chs. 5 and 6. However the

surface current Isur f increases as a function of X-ray dose, independent of the Vf b shift, due to the increase

of the interface trap density. For a cross check of the reverse applied voltage on drain-source Vds, or drain

voltage Vd , several reverse voltages have been applied from 1.0 up to 10 V, as shown in Fig. 7.4 (b). As the

reverse voltage increases, the weak inversion shows a positive shift, as described by Eq. 7.6. In addition,

the leakage current shows a small increase with the reverse voltage and is visible in the accumulation and
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8. Annealing study of oxide charge and interface traps

Trapped positive charge annealing in MOS devices has been studied in detail in Refs. [85, 96, 97, 102, 107,

129–133,186–193]. Two main processes are proposed: (1) "true annealing" which occurs when the positive

oxide charge is removed via trapped hole emission or electron tunneling and (2) "charge compensation"

which occurs when electron trapping in the oxide leads to the formation of dipolar defects that wholly or

partially neutralize the trapped positive charge. In this chapter is presented the annealing dependence of

N
e f f
ox , Nox and Nit up to 256 hours at temperature of 60 ◦C.

8.1. The p-MOSFET irradiated with E f ield pointing from the Si into the SiO2

Annealing study of the p-MOSFET irradiated with E f ield pointing ↑ from the Si into the SiO2, has been

performed. The test structure biased in inversion at a field in the SiO2 of about 500 kV/cm during irradiation

and irradiated by X-rays up to a dose of about 17 kGy(SiO2) in different irradiation steps. Before and after

each irradiation, the gate voltage has been cycled from inversion to accumulation conditions and back and the

threshold voltage and the hole mobility at the Si-SiO2 interface determined. The annealing was performed

at a temperature of 60 ◦C without electric field across the gate. After each annealing step the sample was

transferred (≈ 10 minutes delay time) from the oven to the measuring station and a measurement cycle has

been applied. The cycle allows to study the annealing dependence of the effective oxide charge density, the

charging-up and discharging of border traps and the hole mobility at the Si-SiO2 interface.

Measurement after annealing and analysis procedure Fig. 8.1 shows the measurement cycle adopted

after each annealing step. On the top is shown, as a function of the measurement time, t, the applied gate

voltage Vgate( t), and on the bottom, the measured drain-source current Ids( t). Vgate is changed from accu-

mulation to inversion, Vinv, kept at inversion for 3 hours, and then changed back to accumulation, Vacc. After

2 minutes at Vacc, this sequence is repeated. Two sequences are used, in order to check the reproducibility

of the measurement results. The values of Vacc and Vinv for the annealing cycle are chosen 2.0 and −38.0 V

respectively, the same as for the last irradiation step of 10 kGy. The electric field in the oxide in accumula-

tion, Eacc
f ield , is varied from ≈ 830 to 540 kV/cm and in inversion, E inv

f ield from ≈ −830 to −1130 kV/cm for

the different annealing steps.

The p-MOSFET has been annealed to a total time of 256 hours in steps of 1/6, 1/3, 1/2, 1, 2, 4, 6, 8, 16,

32, 64, 128 hours. During the measurements and the storage, the p-MOSFET was kept at a temperature of

about 23 ◦C. From the measured Ids(Vgate) after annealing, for which Vgate was changed from Vacc to Vinv,
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8. Annealing study of oxide charge and interface traps

voltage Vgate = Vinv. The time constant is of the order of 30 minutes. A decrease of Ids corresponds to an

increase of N
e f f
ox . For Vgate = Vinv the p-MOSFET is in strong inversion: at the Si-SiO2 interface a hole

inversion layer has formed, and the E f ield points ↑ from the Si into the SiO2. As a result, border traps are

charged up positively. As seen in Fig. 8.1, the value of Ids at the start of the reverse calibration is lower than

the value at the end of the forward calibration. This corresponds to a reduction of N
e f f
ox . For Vgate ≫Vth, the

p-MOSFET is in accumulation: at the Si-SiO2 interface an electron accumulation layer has formed, and the

E f ield points ↓ from the SiO2 into the Si. As a result, border traps are discharged.

Table 8.1: Conditions and extracted values of the surface radiation parameters as a function of annealing
time.

Annealing time Vacc Vinv Eacc
f ield E inv

f ield N
e f f
ox,ann ∆Nox, ch ∆Nox, disch µ0 V1/2 ∆

[h] [V] [V] [kV/cm] [kV/cm] [cm−2 ] [cm−2 ] [cm−2 ] [cm2/(Vs)] [V] [nm]

1/6 2.0 −38.0 830 −830 155.9·1010 9.3·1010 11.5·1010 192 −119 0.49
1/2 2.0 −38.0 780 −890 143.9·1010 10.9·1010 10.6·1010 188 −134 0.43

1 2.0 −38.0 740 −930 136.6·1010 10.4·1010 10.1·1010 184 −153 0.38
2 2.0 −38.0 720 −940 132.6·1010 10.6·1010 10.2·1010 188 −146 0.40
4 2.0 −38.0 700 −960 128.1·1010 10.1·1010 10.4·1010 187 −149 0.39
8 2.0 −38.0 680 −990 122.6·1010 10.6·1010 9.7·1010 187 −155 0.38
16 2.0 −38.0 650 −1010 117.5·1010 11.2·1010 9.5·1010 188 −155 0.38
32 2.0 −38.0 620 −1050 111.4·1010 12.3·1010 10.3·1010 190 −153 0.38
64 2.0 −38.0 590 −1080 105.0·1010 13.0·1010 9.2·1010 190 −156 0.37

128 2.0 −38.0 570 −1110 99.5·1010 12.8·1010 11.3·1010 191 −156 0.37
256 2.0 −38.0 540 −1130 93.7·1010 13.5·1010 10.2·1010 193 −154 0.38

Table 8.1 presents for the individual annealing steps the integrated annealing time, the values of Vacc, Vinv

applied to the gate for the measurement cycle and the corresponding electric field values in accumulation,

Eacc
f ield , and inversion, E inv

f ield . Fig. 8.2 (b) presents the values of N
e f f
ox as a function of annealing time, N

e f f
ox,ann(t)

in the sixth column of Table 8.1. These values determined at the end of the first sequence of the cycle. Before

the annealing, at an irradiation dose of 16.61 kGy(SiO2), N
e f f
ox,ann(0) = 1.9 · 1012 cm−2. For the maximum

annealing time of 256 hours, N
e f f
ox,ann(256 h) = 9.4 · 1011 cm−2. From the values shown in the Table 8.1 as

well as from Fig. 8.2 (b), one sees the N
e f f
ox,ann(t) has a decrease of ≈ 40 % after 256 hours annealing.

Border traps and hole mobility Border traps, the near-interfacial oxide traps that communicate with the

Si over a wide range of time scales, has been measured after each annealing step. The seventh column of

Table 8.1 shows the total annealing time dependence of ∆Nox,ch(t), the charging up of the border traps during

the three hours after each annealing step, and the eighth column ∆Nox,disch(t), the discharging of border traps,

when changing Vgate from inversion to accumulation, remaining 2 minutes in accumulation and then biasing

back to inversion. A significant charging up and discharging of border traps, at the level of 5−15 % of N
e f f
ox ,

is observed. For the highest annealing time values, the ∆Nox,ch(t) values start to increase and the ∆Nox,disch(t)

stay approximately constant up to 256 hours of annealing at 60 ◦C, shown in Fig. 8.3 (a). The electric field

during charging, |E inv
f ield |, increases as a function of annealing time and during discharging, Eacc

f ield , decreases

due to Vth shift in the positive direction, as shown in Fig. 8.3 (b).

In addition, the Ids(Vgate) calibrations allow to determine the dependence of the hole mobility on Vgate for

different dose values. The parametrization is presented in Ch. 5. The results for µ0 and V1/2 for the reverse

calibration curves after the annealing steps are shown in Table 8.1 and in Fig. 8.4. Before the annealing, at

the irradiation dose of 16.61 kGy(SiO2) the extracted hole mobility at E f ield ≈ 0, is µ0 = 200 cm2/(V·s) and
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8. Annealing study of oxide charge and interface traps

Table 8.2: Charge separation results as a function of annealing time of the p-MOSFET <111> irradiated
with E f ield ↑.
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9. Critical evaluation of the subthreshold current technique

The explanation is that the surface current influences the subthreshold "stretchout" as shown in Fig. 9.10 (b)

for the highest X-ray dose of 16.61 kGy. The surface current has been measured for the three possible bias

configurations discussed in Ch. 7, reverse voltage Vds =−2 V on drain-source, reverse voltage Vdrain =−2 V

on drain with source floating and reverse voltage Vsource =−2 V on source with drain floating.
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10. Summary and conclusions

In this thesis the surface radiation damage of the Si-SiO2 system on high-ohmic material has been investi-

gated. The densities of the oxide charge Nox, interface traps Nit and border traps at the Si-SiO2 interface have

been determined as a function of X-ray dose. The study focused on the dependence of the above parame-

ters on the electric field E f ield normal to the Si-SiO2 interface during irradiation and the time dependence

after irradiation when the biasing conditions are changed. Irradiations were performed up to X-ray doses of

16.61 kGy and for two field directions at the maximum E f ield according to TCAD simulations at the Si-SiO2

interface in segmented silicon sensors under normal operation. In addition, annealing results of Nox, Nit and

border traps are presented after 256 hours annealing at 60 ◦C.

The experimental techniques used to extract the Nox and Nit are standard techniques used to study ionizing

radiation effects in electronics using p- and n-MOSFETs built on n- and p-type Si, respectively. Differences

between silicon sensors and electronics are the lower doping density of the bulk material and the thicker

oxide. Measurements were performed during and after irradiation, and parameter changes with long time

constants were observed. The results show a significant field-direction dependence of the surface radiation

damage parameters on high-ohmic material.

When the electric field direction during irradiation is pointing from the Si into the SiO2, for the n-type Si, the

Nox increases due to the increase of radiation-induced hole traps with increasing X-ray dose. However, for

the p-type Si, the Nox increases only up to 610 Gy and then decreases due to two electric field directions in

the SiO2 (charge neutralization effect). When the electric field direction during irradiation is pointing from

the SiO2 into the Si, for the n-type Si, the Nox increases up to 1.61 kGy and then decreases. In a similar

way for the p-type Si, the Nox increases and decreases up to 6.61 kGy, depending on the field direction. In

particular, for this case, the presence of two electric field components in the SiO2 was confirmed when a

negative gate voltage was chosen during irradiation.

An increase of the Nit has been observed for all the conditions. However, MOSFETs are sensitive to the

"active" interface traps which is only a fraction of interface traps in the Si bandgap. Assuming that the

interface traps are acceptor-like in the upper part and donor-like in the lower part, for the n-type Si the

"active" interface traps are donors below midgap and above the Fermi level. The acceptors above midgap

are assumed to be neutral. For the p-type Si the "active" interface traps are acceptors above midgap and

below the Fermi level and the donors below midgap are assumed to be neutral. The validity of the above

assumption has been confirmed with the annealing results.

Charging and discharging of border traps has been measured by changing the E f ield direction after irradiation.

The maximum effect has been found to be 25 % of the oxide charge density after three hours biasing in the
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10. Summary and conclusions

post-irradiation condition. Time constants in the order of 30 minutes have been observed for the charging

and discharging, which confirms the near-interfacial nature of this kind of oxide traps.

The results show that surface radiation damage on high-ohmic material is qualitatively similar to radiation

damage in electronics. In the past the Hamburg group has studied surface radiation damage up to 1 GGy

X-ray dose without electric field during irradiation using MOSCs and GCDs built on n-type Si. Now the

investigated dose range was up to 16.61 kGy. It is found that for p-type Si irradiated with electric field

pointing from the SiO2 into the Si, the maximum oxide charge density already reached at a dose of 6.61 kGy

is approximately equal to the oxide charge density measured after irradiation of 1 GGy. The effects of Nox,

Nit and border traps have been separated for the two field directions during irradiation for n- and p-type Si.

It is shown that surface radiation damage is more complicated than presently used in simulations, due to

the X-ray dose and electric field dependence of Nox, Nit and charging and discharging of the border traps.

The results predict a spatial nonuniformity of the radiation-induced oxide charges at the Si-SiO2 interface

in segmented silicon sensors due to the position-dependent electric field in the SiO2 and at the Si-SiO2

interface.
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