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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 SiO; 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. lIonizing Energy Loss (IEL) of
incident particles increases the densities of oxide charge and interface traps in the SiO; and at the Si-SiO;
interface.

In this thesis the surface radiation damage of the Si-SiO, system on high-ohmic Si has been investi-
gated using circular MOSFETs biased in accumulation and inversion at an electric field in the SiO, of
about 500 kV/cm. The MOSFETSs have been irradiated by X-rays from an X-ray tube to a dose of about
17 kGy(Si0O») 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-SiO»
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.






Kurzfassung

Siliziumdetektoren fiir die Forschung mit Photonen und fiir die Teilchenphysik bendtigen Siliziumsen-
soren, die sehr hohe Anforderungen erfiillen miissen. 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 Strahlungshérte neue Herausforderungen fiir Siliziumsensoren dar. Hohe
Strahlungsdosen und -fliisse schidigen den Siliziumkristall sowie die SiO,-Schichten an der Oberfliche,
wodurch sich die Sensoreigenschaften @ndern und ihre Lebensdauer beschriankt wird. Nicht-ionisierender
Energieverlust (NIEL) der einfallenden Teilchen verursacht Schiden im Siliziumkristall. Ionisierender En-
ergieverlust (IEL) der einfallenden Teilchen erhoht die Dichte der Oxidladung im SiO, sowie die Dichte der
Grenzflichenhaftstellen am Si-SiO, Ubergang.

In dieser Arbeit wurde die Schidigung der Oberfliche des Si-SiO,-Systems von hochohmigem Si unter
Verwendung kreisformiger MOSFETs, die in Akkumulation und Inversion bei einem elektrischen Feld im
SiO; von etwa 500 kV/cm vorgespannt sind, untersucht. Die MOSFETs wurden mit Rontgenstrahlen aus
einer Rontgenrdhre bis zu einer Dosis von etwa 17 kGy(SiO,) in verschiedenen Bestrahlungsschritten be-
strahlt. Vor und nach jedem Bestrahlungsschritt wurde die Gate-Spannung von Inversion zu Akkumulation
und zuriick durchlaufen. Aus der Abhingigkeit des Drain-Source-Stroms von der Gate-Spannung wur-
den die Schwellenspannung des MOSFET sowie die Locher- und Elektronenbeweglichkeit an der Si-SiO;-
Grenzfliche bestimmt. Zusitzlich wurde aus dem gemessenen Drain-Source-Strom die Anderung der Ox-
idladungsdichte wihrend der Bestrahlung bestimmt. Die Dichte der Grenzflachenhaftstellen 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 Feldrichtungsabhingigkeit der Parameter
der Oberflachenstrahlungsschidigung. Die gewonnenen Parameter und das erworbene Wissen konnen zur
Verbesserung der Simulation der Oberflichenstrahlungsschidigung 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 10* 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].

Dynamic range: > It photons/pulse
- plasma effect — operating voltage > 500 V
(breakdown voltage > 900 V)

Radiation damage: 1 GGy in 3 years!

4.5 MHz frame rate
- pile-up of pulses —= short e-h collection time
(within ~ 100 ns)

)
~__ Single-photon sensitivity for 5 keV to 20 keV
- low noise — leakage current < 1 nA/pixel
— interpixel capacitance < 0.5 pF

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 x 200 um?. 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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sensor, Fig. 1.2, has been designed according to the optimized pixel and guard ring geometries and techno-
logical processes based on SYNOPSIS TCAD simulations [4,6,7] with radiation damage related parameters
implemented [2, 8].

Distance from the last pixel to cut edge: 1 200 ym | (100.30) Pixels

4

00 . CCR

4 Cut edge

/

{155.-70)

15 floating guard rings

Alignment
A mark n*-
implant

Cut

Sesmesbusie i

Scribe line

Figure 1.2: Layout and dimensions of the guard ring structure of the AGIPD sensor. Top: Layout and di-
mensions of the guard ring structure at the left lower corner of the sensor. Bottom: The guard ring structures
at the left, middle and right lower corners of the sensor. Figure taken from [4, 8].

The sensors have been produced by SINTEF [9]. The basic properties of the silicon wafers have been
obtained from electrical measurements on test structures. In order to demonstrate the radiation hardness of
the AGIPD sensor, mini sensors with the same pixel and guard ring designs as the AGIPD and test structures
have been irradiated up to 10 MGy at the beamline P11 of PETRA III at DESY. From the test structures, the
oxide charge density, N,y, and the surface current density, Jy,, s, have been extracted as a function of X-ray
dose. A saturation of N,, and J,,, s has been found between 100 kGy and 1 MGy and the saturation values
are smaller than those from test structures produced by other vendors. From mini sensors, no breakdown has
been found up to 900 V after irradiation and all electrical properties, in particular the leakage current and

inter-pixel capacitance, are well within specifications [2].
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1.1.2. The CMS Phase II pixel upgrade

The CMS experiment [10] intends to exchange the pixel detector for the high luminosity phase of the Large
Hadron Collider (HL-LHC) at CERN. Therefore, a large R&D effort has been started in order to develop
silicon sensors capable of withstanding the expected high radiation damage. The targeted integrated lumi-
nosity of 3000 fb~!, estimated for 10 years of operation at the design center-of-mass energy of 14 TeV,
translates into an equivalent NIEL (Non-Ionizing Energy Loss) of 2 - 10 Ny cm 2 and an IEL (Ionizing
Energy Loss) dose in the SiO, of 10 MGy at the expected position of the innermost pixel detector layer [11].
The layout for the new CMS tracker, Fig. 1.3, is based on requirements to maintain efficient tracking under
high luminosity conditions [10,12, 13]. Outer tracker layers with modules consisting of two back-to-back
strip sensors (2S5 modules) are shown in red (r > 60 cm), layers with modules consisting of a macro pixel
and a strip sensor (PS modules) are shown in blue (20 cm < r < 60 cm). The pixel detector, depicted in light
blue and yellow, consists of four barrel layers (r < 20 cm) and 11 discs. The pixel Phase II barrel detector

will cover approximately the same volume as the pixel Phase I detector.
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Figure 1.3: Layout of the CMS tracking system for the HL-LHC. Figure taken from [11].
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Figure 1.4: (a) Map of the expected particle fluence in the pixel volume, expressed in terms of 1 MeV
neutron equivalent (n,,) fluence [10] and (b) Expected fluence in the CMS tracker [12] corresponding to an
integrated luminosity of 3000 fb~!.
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The expected particle fluence in the pixel volume, is presented in Fig. 1.4 (a). At the inner radius of the outer
tracker, silicon modules are exposed to a mix of neutrons and charged particles (mainly pions) corresponding

to n, fluences up to 1.5-10% cm 2

, as shown in Fig. 1.4 (b). The corresponding ionizing dose at a radius
of 20 cm is approximately 700 kGy. The operational properties of silicon sensors are strongly compromised
at such fluences and the CMS Collaboration [10] performs studies to identify an optimal choice of sensor
material and to optimize the sensor design [12, 14, 15]. In addition, due to the increased luminosity the cell
size of future HL-LHC pixel sensors has to be downscaled to an area of about 2500 pm?. Candidate pixel
sizes under investigation are 25 x 100 gm? and 50 x 50 gm?. Compared to the current CMS barrel pixel
design, these dimensions allow little space for design choices and a biasing scheme like a punch through dot
with a bias rail, shown in Fig. 1.5 (a). The CMS Collaboration has initiated a production of planar n*p pixel
sensors on 6" wafers with a variety of different geometries, pixel isolation technologies (p-spray, p-stop),
biasing schemes (common punch through: punch through biasing shared by four adjacent pixels) and bump

bond patterns [13]. An example of the structures implemented is shown in Fig. 1.5 (b).

5 um

2

100 um |

(@) (b)

Figure 1.5: (a) Ilustration of the required pixel dimensions of future CMS pixel sensors compared to the

current CMS barrel pixel design and (b) Layout of 25 x 100 um? pixel cells with common punch through
and p-spray pixel isolation. Figures taken from [13].

1.2. Surface effects in segmented silicon sensors

The voltage stability, charge collection properties and dark current of segmented silicon sensors are influ-
enced by the charge and potential distributions on the sensor surface, the charge distribution in the oxide and
passivation layers, and by Si-SiO, interface states [16-21]. To better understand these phenomena, mea-
surements on test structures and sensors before and after X-ray irradiation, and TCAD simulations including

surface and interface effects are performed.

In particular the breakdown behavior, dark current and charge collection efficiency of segmented silicon
sensors depends on the properties of the insulating layers and the electric boundary conditions on the sensor
surface. These parameters can be measured and implemented in TCAD simulations [6]. Examples are given
of the successful optimization of a pixel sensor for X-ray doses up to 1 GGy [4] and of the explanation of the

dose and humidity dependent charge collection efficiency observed for a silicon strip sensor [22-24]. They
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demonstrate that TCAD simulations with realistic parameters can explain surprising observations and avoid
design mistakes.

"t A S Mﬁ charge sharing
e, Wi ~ |
- 4-cluster ~10 % S ~75 %
e \ 4 F o
P B N e 0 AT,
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@ )

Figure 1.6: (a) Median of the PH(4-cluster) and PH(seed) distributions as a function of time and (b) The
corresponding time dependence for charge sharing. Figures taken from [14, 25].

An example from Refs. [14,25], Fig. 1.6 (a) shows the time dependence of the median values of the pulse-
height distributions of the 4-strip clusters, PH(4-cluster), and the corresponding pulse-height distributions
for the seed clusters, PH(seed). Fig. 1.6 (b) shows the charge sharing. The measured data are referred to
non-hadron irradiated p-spray strip sensor built on Float-Zone silicon, biased at 600 V during irradiation
with a B source. The initial dose is O Gy and the dose after 5 days, 250 Gy. In order to explain the above

observation, TCAD simulations were performed to calculate the electric field in the sensor. Fig. 1.7, shows
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Figure 1.7: Simulated potential and electric field distributions for a p-spray strip sensor for oxide charge
density of (a) 101 cm~2 and (b) 5-10'! ecm 2. Figures taken from [14,25].

the electric field stream lines and the electric potential for a sensor of thickness of 200 ptm, bulk p doping

of 3.7-10'2 cm 3 and a p-spray dopant concentration of 2- 10'! cm 2, at a bias voltage of 600 V for two
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values of oxide charge density at the Si-SiO; interface. For the simulation with N,, = 10'® cm~2, Fig. 1.7
(a), and in particular air boundary condition, most field lines originate at the readout strips. So for particle
at normal incidence, all generated electrons will reach a single readout strip, except from a small effect due
to charge diffusion [25]. For the simulation with N,, = 5- 10" cm~2, Fig. 1.7 (b), also with air boundary
condition, the field distribution is very different, as the positive oxide charge density, N,,, is bigger than the
negative charge density of the p-spray doping, which results in an approximately constant potential at the
Si-Si0; interface. The electric field component parallel to the interface is small, and electrons, which reach
the Si-Si0O» interface within the typical charge collection time of a few nanoseconds, will drift to the readout

strips on much longer time scales.

1.2.1. Surface parameters and TCAD simulations

Parameters for TCAD simulations The parameters, relevant for surface effects, and the electrical bound-
ary conditions for simulations, are presented in Fig. 1.8 which shows the cross section of a p*n strip sen-
sor [16].

Figure 1.8: Cross section of a strip sensor explaining the parameters relevant for surface effects. Figure
taken from [16].

1. The outer-surface charge density, Q,,, which can exhibit a time dependence, if the outer-surface resis-
tivity is high.

2. The oxide charge density, Q,, which depends on technology, crystal orientation, dose of ionizing
radiation, and the electric field during irradiation.

3. The border trap charge density, Qpsrder» Wwhich depends on technology and ionizing dose. Border traps
are located in the SiO; within a few nm of the Si-SiO; interface and exchange charges with the Si with
time constants, which can be seconds and even longer.

4. The charged Si-SiO; interface trap density, Q;;, which depends on technology, ionizing dose and the
Fermi energy at the interface.

5. The electrical boundary conditions: Bias voltage at the back side, ground potential on a plane at 0.2
mm distance parallel to the sensor surface (solid line), and Neumann conditions (air) at the boundaries

connecting the centers of the strips with the back plane (dashed lines).

The charge densities depend on position, if the electric field during irradiation or operation is not uniform.
So far in the simulations uniform charge densities have been assumed. In previous studies on high-ohmic
detector-grade Si [2, 8,26] C-V measurements on MOS capacitors, without bias voltage during irradiation,

from four vendors have been used to determine the effective oxide charge density N;f f= (Qox + Ovorder +
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Qir)/qo for ionization doses up to 1 GGy. It has been found that before irradiation N, ~ 10'%cm~? for Si
with <100> crystal orientation, and ~ 10''em 2 for <111>. For doses above 10-100 kGy, depending on the
vendor, N, saturates between 2 and 8-10'> cm 2. In addition, the dose dependence of the surface generation
current density, Jg, ¢, which is related to Q;;, has been measured. Before irradiation Jg,,; is a few nA/cm?,

increases to ~ 9 yA/cm? at a dose of about 10 kGy, and then decreases.

1.2.2. Impact of surface effects on sensors

Oxide charge and breakdown voltage The AGIPD sensor [4,7] is an example for the successful opti-
mization of a 500 pm thick p*n pixel sensor for X-ray doses up to 1 GGy at high operating voltages [16].
Fig. 1.9 (a) shows the voltage dependence of the current measured in the current-collection ring, which sur-
rounds the pixels, for X-ray doses between 0 and 100 MGy for a sensor produced by SINTEF with standard
technology. The breakdown voltage decreases from about 900 V to about 220 V. TCAD simulations explain
the cause. For high oxide charges and the standard SiO, thickness of 700 nm, there is a single narrow high-
field peak at the corner of the implantation. Reducing the oxide thickness to 250 nm results in two field
peaks. One at the corner of the implantation and one below the edge of the metal overlap. As a result, the
predicted breakdown voltage for N, = 3-10'> cm 2
optimized SiO; thickness of 250 nm, and Fig.1.9 (b) shows that the breakdown voltage exceeds 900 V [7].

The increase in current for the non-irradiated sensor at 800 V is due to the depletion region reaching the cut

exceeds 1000 V. The sensor has been produced with the

edge. It disappears once the sensor has been exposed to a dose of a few 100 Gy, and thus does not present
a problem. The observed current is dominated by the surface generation current and is correctly predicted

using the surface generation current density measured using Gate Controlled Diodes [8].
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Figure 1.9: Current voltage characteristics for a pixel sensor for different X-ray doses (a) Standard, and (b)
Optimized SINTEF technology. Figures taken from [4, 16].

Outer-surface and charge collection In Ref. [23,24] it is reported that, after changing the bias voltage,
the charge collection of Si strip sensors changes with time constants, which depend on the relative humidity,

RH. Fig. 1.10 shows an example. The voltage on a p*n Si strip sensor was changed from 500 V to 200 V,
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and the charge collection for ek pairs, produced by laser light of 670 nm wavelength injected in-between the

read-out strips, has been measured at 20 °C and RH == 78 %, and < 1 %.
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Figure 1.10: Number of "lost" holes versus time for a p*n Si strip sensor illuminated with 670 nm light,
after changing the bias voltage from 500 V to 200 V for relative humidities of 78 % and < 1%. Figure taken
from [16,24].

At 670 nm the light-attenuation length in Si is about 3 pm, and the charge collection is sensitive to the
electric field close to the Si-SiO; interface. In Fig. 1.10, the time dependence of the number of holes "lost",
i.e not recorded as signal in the readout strips within 50 ns, is shown. The time scale on top in minutes is for
RH =78 %, and the one at the bottom in hours for RH < 1 %. The shape of the curves are similar, however
the time constants differ by a factor ~ 120. In order to understand this effect the outer-surface resistivity has
been determined using the circular Gate Controlled Diode described in Refs. [8, 16], irradiated by X-rays
to a dose of 1 GGy. Fig. 1.11 (a) shows Igep (Veare ), the current-voltage characteristics, when changing the

gate voltage from inversion via depletion to accumulation.
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Figure 1.11: Measurement of the outer-surface resistivity as a function of relative humidity using a GCD,
(a) Igcp as a function of Vi and (b) Vi, as a function of time after the gate was disconnected from the
voltage source. Figures taken from [16].

The current-peak is due to the surface-generation current, Iy, ¢, from the radiation damaged Si-SiO; inter-
face. Then the GCD was biased in inversion, the gate contact disconnected and the time dependence Igcp (1)

measured for RH values between 30 % and 46 %. Using Igcp(Vgatre), Veare(t) is derived and shown in
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Fig. 1.11 (b). An exponential dependence is found with time constants varying between 16 s at RH =46 %
and 820 s at RH = 30 %. The corresponding surface resistivities, Ry, are 1.3-10'> Q and 65-10" Q. At
lower RH values, the R values are too high, to be determined with this method. To investigate the impact
of the outer-resistivity on the charge collection of Si strip sensors, in the TCAD simulation a high-resistivity
layer was put on top of the SiO, layer, the bias voltage ramped from O to —600 V, and the time dependence
of the potential simulated. Fig. 1.12 shows the potential and the field lines 60 s and 120 min after reaching
—600 V. For the simulation a p-spray isolation of 5-10'! ¢cm 2, and an effective oxide charge density of

10'% cm~2 has been assumed.

conductive
layer

(@) (b)

Figure 1.12: Simulated potential and field-lines in an n™p silicon strip sensor with outer-surface resistivity

Ry =7-10" Q for (a) 60 seconds, and (b) 120 min after reaching the bias voltage of —600 V. Figures taken
from [16,27].

Whereas after 60 s practically all field lines in the Si originate at the strip implantations, after 120 min most
field lines cross the Si-SiO; interface. Thus, immediately after biasing, there are no charges on the outer
surface and the electric field has a component along the outer surface, which causes a rearrangement of
the surface charges until an equilibrium is reached. The corresponding time constant is proportional to R,

which has a strong humidity dependence.

1.3. Motivation and structure of this thesis

So far in the simulations, the effects of surface radiation damage have been parametrized by a uniform and
time independent effective oxide charge density, §{f = quOef 7, and a surface current generation density
Jourr. This is only a first approximation, as the oxide charge density by ionizing radiation depends on the
electric field, and the charge state of the border and interface traps on the field and on the Fermi level at the
Si-Si0, interface. In addition, possible short time effects during irradiation have not been considered. In the

present thesis mainly are presented:

1. Effects during and shortly after X-ray irradiation.
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2. The dependence of N; /7 on the direction of the field at the Si-Si0; 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 Q,, and Q;, and to determine Dy, 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.

10
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2.1. Metal Oxide Semiconductor MOS structures

This chapter summarizes the physics of the MOS structures, MOS Capacitor (MOSC) and MOS Field Effect
Transistor (MOSFET). The MOSC is a good introduction to the MOSFET because it allows the action of

the gate electrode to be analyzed without the complications of current flow [28,29].

2.1.1. MOS Capacitor

The MOSC consists of a silicon substrate with a thermally oxidized silicon dioxide surface. On the top of

the silicon dioxide is the conducting Al metal as shown in Fig. 2.1.

Veate Al Si0,|  p-Si — @

Q—tax-b

Gat/ [~

Ep, ¥_EC
&El )

&_E r
EV
E.
Ep —| ——————=p. © Interface
Ev Gate /
Y
Erm O, = -, Naw
— T
-GV,
Eon —— Band Bending Charge Distribution

Figure 2.1: Band bending and charge distribution in the MOS Capacitor for various biases: (a) structure, (b)
accumulation, (c) flatbands, (d) depletion, (e) inversion. E¢c = conduction band, Ey = valence band, E; =
intrinsic level, Er = Fermi level of silicon, and Er,, = Fermi level of gate. Figure adapted from [28].

The MOSC is always in thermal equilibrium, even with dc bias applied [30]. The bias regimes and the

simplified solution of Poisson’s equation to determine band bending and carrier densities are presented.

11
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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 Er,, of the metal lies above its equilibrium position. Also negative Ve
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 E; 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-SiO; interface, Fig. 2.1 (c). The silicon
is neutral everywhere, because the holes (+4) exactly balance the acceptor dopant ions (—). The gate bias for

which flatbands occurs is called the flatband voltage, V.

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)

E.(y)/q0 = Ec()/q0 — ¢ (y) 2.1

where E.(y) is the conduction band edge and ¢(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, Ny per unit volume, as shown in Fig. 2.1 (d). The band bending potential, ¢ (y) then satisfies Poisson’s
equation in the depletion approximation:

dz—q) = 7qud(y) O<y<w
dy? esi€) (2.2)
=0, w<y

Where &g; = 11.9 is the Si dielectric constant and & = 8.85- 10! F/cm is the permittivity of empty space.
If the dopant ions are uniformly distributed so N, is independent of y, then Eq. 2.2 can be integrated to yield

O(y) = ¢,(1—y/w)? (2.3)

where ¢ is the value of ¢(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

do
ay =20 (L=y/w)(=1/w) 24)

12
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¢ 20,
T2 o2
dy*  w 2.5)
_ qoNg
Esi&o

To simplify, B = go/kT is the reciprocal of the thermal voltage, kT /qo (= 0.025 V at 290 K). So w is

calculated from

w=V2Lp(Bos)"/? (2.6)

where Lp is the bulk Debye length

Esi€o
Lp = . 2.7
P\ BaoNa

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, E.(0),
approaches the Fermi level, Er, in the vicinity of the Si-SiO; 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 ¢ 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 = nielBO+B%) (2.8)

where n; = the carrier density in intrinsic material (=~ 10'° carriers per cm? at 290 K) and ¢ is the Fermi

level in electron volts (eV): ¢, = Er/qo. The law of mass action implies that at thermal equilibrium

pn=n2. (2.9)

Using Eqgs. 2.8 and 2.9 the electron density is

n= nie(ﬁ‘p_ﬁ‘p”). (2.10)
At flatbands, in the neutral silicon p = Ny, using Eq. 2.9 the ¢, is calculated from

13
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By =In(Ny/n;). (2.11)

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

49 _ aoNaly) | 40 (go-po).

O<y<w
dy? &g Esig Y (2.12)
=0, y>w
For uniform doping, multiply by (d¢ /dy) and use the identity
1d do, ,do d*o
(=) (0) (2.13)
2a’y dy dy " dy?
Then Eq. 2.12 becomes
1d do., 1 (B9)
Bl o P i/N, 2.14
Integrating from the interface, y = 0, to the depletion edge, y = w
dg\* _(d¢ ! >
= i/Ng)2elPOJy 2.15
(92) - (42 = opsslbo s (u/mareP) @.15)

Now at y = w both ¢ and (d¢ /dy) vanish. Aty =0, ¢ = ¢,. So far, Eq. 2.15 becomes

— (do/dy)o = V2(BLp) " {Bbs+ (n/Ny)2 [P — 11} (2.16)

The inversion layer carrier density per unit area, N;, 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 A, depending on gate bias. Using an
approximation that the inversion layer is a charge sheet of infinitesimal thickness, the N; can be calculated
easily using Eq. 2.16. The total silicon charge per unit area is Q;, the charge in the depletion is (—goNyw)
[the charge per unit volume, (—goN,), 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, —qgoN;:

—qoN; = Qs — (—qoNgw) (2.17)

The width w is calculated from Eq. 2.6 and Q; 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
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1/2

+ (ni/Ng)? [P 1)) (2.18)

Qs = —(&si€0/Lp)(KT /40)V/2{ By + (
For convenience the (—1) after ¢/f%) can be omitted because the exponential is so large in strong inversion
that (—1) makes no difference, and in weak inversion (n;/ Ng) is so small that the entire minority carrier term

can be dropped. So far using the charge sheet approximation the Ny is calculated from

N; = NgV2Lp{[Bos + (n:/Ng)?e P2 — [Bo,)V2) (2.19)

Using Eq. 2.19 the inversion layer carrier density per unit area Ny, as a function of band bending is shown in
Fig. 2.2.
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Figure 2.2: Inversion layer carrier density per unit area Ny as a function of band bending ¢;. The red line is
for weak inversion, the green line is for strong inversion, and the blue line is the general case.

The figure presents two regimes, for N; = 4- 1011 cm 3

i) Weak inversion. In the weak inversion regime, N; is small compared to the depletion layer charge per
unit area. The square root in Eq. 2.19 is expanded treating (1;/N,;)2eF%) small compared to B¢;.

Using the expansion

A+~ 1+(1/2)x+ (2.20)

the N; in weak inversion is written

(2.21)

Ni ~ NaLp(ni/Na)*eP%) (2B 9,)'/2.

ii) Strong inversion. In strong inversion, Ny is very large compared to the depletion layer charge per unit

area. The exponential in Eq. 2.19 is large compared to ¢ and N; in strong inversion becomes

15
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Figure 2.3: Inversion layer carrier density per unit area Ny as a function of band bending ¢; for three different
doping concentration values N.

Np ~ V2Lpnie P9/, (2.22)
The inversion layer carrier density per unit area Ny as a function of band bending ¢, for typical doping

concentrations Ny, commonly used for silicon sensors, is presented in Fig. 2.3. The increase of Ny, shifts the

strong inversion condition to higher ¢, values.

Gate bias dependence of band bending In inversion the band bending ¢; becomes pinned, independent
of gate bias. According to electrostatics, the electric field times the dielectric permittivity is continuous at
the Si-SiO, interface. The electric field at the silicon side of the interface is given by Eq. 2.16 and on the
oxide side of the interface is given by Eq. 2.23

Eo = (Vgate - ‘Ps)/tox (223)
where Vg, is the gate bias, ¢, the band bending and ¢,, the oxide thickness. Continuity of displacement

across the interface (i.e., of the product of field times dielectric permittivity), using Eqs. 2.16 and 2.23,

provides

Cor(Veare — 8s) = V2(KT /q0)Crp,5:(B @5 + (n:/Ng)* [P o) —1])1/2 (2.24)

where the definition for the oxide capacitance per unit area, Cyy, i8

Cox = Eox€0/1ox (2.25)
and for Cyp, s;

16
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Crp.si = €si€0/Lp (2.26)

is the capacitance per unit area of the silicon portion of the MOS capacitor at flatbands. The Cyy, g; is related
to screening at the silicon surface by majority carriers, for example in response to a small charge uniformly
distributed on the gate. From Eq. 2.24 can be calculated the relation between gate bias and band bending.
At low gate biases ¢ increases rapidly with gate bias. At larger gate biases ¢, hardly changes with gate bias,
¢ become pinned. The pinning occurs when strong inversion sets in, the point where Ny = Nyw (inversion
layer charge equals depletion layer charge). The change in behavior of ¢, as a function of Ve, is close to

this condition, Fig. 2.4. Also shown as a dot the condition

95 = 20y 2.27)
1-0 1 1 1 1 1 1 1
—_— N;=6.2-10"1 ecm3,¢,, = 250 nm
08| ol
S S o e
B NZ=Nw . : . :
= : ? : : : : :
0.4 —j EEEEEEEEEEE RS RRRREE SRREEE RS R .
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Veare [V]

Figure 2.4: Band bending ¢; as a function of gate voltage V, .. The arrow illustrates the condition N; = Nyw.
The dot indicates ¢; = 2¢,.

The Vg, dependence as a function of ¢, for doping concentrations N, and oxide thicknesses #,, commonly
used in the design of silicon sensors, is presented in Fig. 2.5. It is clear, that the transition occurs near the
Lindner potential ¢, [31] which marks the value of ¢, at which the depletion layer charge and the minority
carriers make equal contributions to the field. The condition in Eq. 2.27 is near the condition Ny = Nyw
and referred as threshold condition (the condition which divides strong inversion layers from weak inversion

layers). The corresponding gate bias is called threshold voltage, V;;, and from Eqs. 2.24 and 2.11 is extracted

Vi = 205+ V2(KT /q0)(Cru/Cox) (2B 95) /2. (2.28)

Capacitance of the MOS structure The capacitance of any system is the ratio of the variation in charge to
the variation in small signal applied voltage. The capacitance in the silicon bulk below the gate is calculated
from C; = —dQ,/d¢s where Q; is obtained by keeping the majority carrier density in Poisson’s equation and

following the same procedure to find Q; as presented above. So far
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Figure 2.5: (a) BV, as a function of B¢, for three different N; values and #,, = 250 nm, and (b) BV, as
a function of B¢ for two different N; and z,,, values.

Cy=Crp 51— P (1 /Ny [l PO) — 1]}

{20 1+ Bgy— 1+ (mi/ NP — po—1)])

-1/2

(2.29)

where C(¢; = 0) = Cyp si. Eq. 2.29 provides the capacitance Cy, assuming a small signal variation in band

bending, ¢;. Actually as the gate bias is varied, the relation between the gate bias and the corresponding

band bending variation is obtained from

Cax(vgate - ‘Ps) =-0

d¢; do;
Coxl 1= =C
’ ( d Vgate > ’ d Vgate

( 49: ) = Co/Cor+C

d Vgate

Finally, the capacitance of the entire MOS structure is

Cymos = _dQs/dVgate

= (_dQs/d‘Ps)(d‘Ps/dVgate)

= Cscox [Cs + Cax] -

(2.30)

(2.31)

(2.32)

(2.33)

The calculated capacitance Cyps/Coy as a function of Vieare for three different doping concentration values

Ny is presented in Fig. 2.6.
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Figure 2.6: Cp0s/Cox as a function of Veate for three different doping concentration values N, and t,, =
250 nm. The Cyy, is calculated for Ng = 4.4 - 1012,

The flatband capacitance Cy;, of the MOS structure is calculated from

Crp = Crp,5iCox[Cro.si+Cox) ' (2.34)

In addition the consideration of gate bias as a function of band bending requires a correction. According to
Eq. 2.24, when ¢, =0

dos \ _
( dVgate) = Cox/[Cox + Cy] (2.35)

the gate bias Vg, = 0. In practice, this is not found to be the case. Instead, ¢, = O occurs for a gate bias

Veate = Vp, called the flatband voltage. So a replacement of Vg, in Eq. 2.24 by Vi — Vpy the Vi, in Eq. 2.28

becomes

Vin = Vo + 205 +V2(KT /q0)(Cpp.5:/Cox) (2B ) /2. (2.36)

Theoretical estimates of Vy;, are very inaccurate, so experimental values usually are adopted. Two important
physical factors that cause Vy;, are the work function differences and the oxide charge, including fixed oxide
charge and charged interface traps. If the work of an electron to leave the metal is go¢,, and to leave the

silicon is go¢s, then the substrate charges up until it reaches a voltage relative to the gate of AV,

AV = _(‘Ps - ‘Pm) = Qs (2.37)

E
‘Pms = ‘Pm - (7( + 2_g - ‘Pb) for n-type
g" (2.38)
Oms = O — (x + 2—g + ‘Pb) for p-type
qo
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where y is the semiconductor electron affinity and E, the Si bandgap. The work function difference between
the Al-metal gate and bulk Si (n- and p-type), ¢y, as a function of the doping concentration Ny, is presented
in Fig. 2.7.

Pms V]
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'(1)010 10‘11 10‘12 IOII3 1014
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Figure 2.7: &, as a function of N; for Al/n- and Al/p-type Si.

2.1.2. MOS Field Effect Transistor MOSFET

The MOSFET structure is a MOSC with two additions, a source and a drain located on opposite sides of
the gate electrode. The source and drain are regions in the silicon doped oppositely to the silicon under the
gate. So the source and drain make p-n junctions with the substrate. The source and drain are the contacts
of a switch which is turned on and off electrically by a voltage on the gate electrode. For a gate bias which
depletes the silicon surface of mobile carriers, the source and drain are isolated. The switch is off. Only a
very low current will flow from source to drain when a voltage is applied between them. For gate biases
which invert the surface, the switch will be on, and a large current can flow between source and drain. Gate
biases which allow current flow are referred as above threshold. For these biases, the voltage step at the p-n
junctions decreases near the interface because this region contains carriers of the same type as the source
and drain regions. In Fig. 2.8 is shown the band bending in the n-MOSFET. At the drain, the band bending
is large and electrons tend to be collected. The passage of electrons from the source to the drain is impeded
by a barrier, as shown. This barrier is lowest at the interface, and is controlled by the gate bias. For n-
MOSFET a more positive gate bias lowers this barrier. The junction between drain and substrate is widened
by the reverse bias applied. The Pao-Sah model [32—35] describes the MOSFET structure very well, and the
introduction into this model of the charge sheet approximation of the inversion layer, is making the model
not only accurate but simple. In addition, the charge sheet model [28,36] is the best basis for understanding
the long channel device [37-42].

The accommodation of carrier densities to the current flow is expressed by an adjustment of the Fermi level
at each location in the channel. So far, the Fermi level is replaced by a quasi-Fermi level that is not the same
everywhere, but varies from point to point to allow the required current to flow. The total current density j,

is the sum of the diffusion js;ss and the drift component jg; s,
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Figure 2.8: (a) MOSFET structure with section cut away and dropped and (b) Band bending plotted below
the dropped section, the barrier to electron injection from the source into the channel has been indicated.
Figure taken from [28].

dor,
dx

j=—qoun (2.39)
is the basic equation to compute current-voltage characteristics, where (l is the mobility and 7 is the electron

density for n-channel devices (p-type substrate). The current carried by the entire inversion layer is

= —WqO/,LNI% (2.40)

dx
where ¢F, varies with x, but is independent on the distance from the interface, y. The quantity Ny in Eq. 2.40,
is the inversion carrier density per unit area, already described in Eq. 2.19, however modified to account for
the quasi-Fermi level. Backside voltage V,,, reduces Ny, so a larger gate bias is necessary to cause inversion.
In strong inversion ¢; — @+ Vj,; to maintain Ny constant. Using this result in Eq. 2.36, the threshold voltage

Vi, relative to the source, which is at bias Vj,, above the substrate

Vin = Vo + 205+ V2(KT /q0) (Cr,5i/Cox) (2B O + BVis) V2. (2.41)

The threshold voltage Vy, is plotted as a function of the parameter & = v/2(Cyp,s5i/Cox). The range of
gate oxide thicknesses and doping levels is contained within 100 nm < z,, < 1000 nm and 10'% cm—3
< Ny < 10" cm 3 respectively. MOSFET devices within these bounds correspond to the shaded area in

Fig. 2.9. V};, is negative for ¢ values in the range up to =~ 1.8. They are normally on, even at zero gate bias.
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Figure 2.9: Threshold voltage V};, as a function of o for 100 nm < 7,, < 1000 nm and 1009 em 3 <N, <
10" cm™3. Zero fixed oxide charge and interface trapped charge is assumed in the calculation of Vib.

From Eq. 2.40 the current / can be calculated, as a function of gate bias relative to the source, Vg, drain
bias relative to the source, V,, and backside (body-to-source) reverse bias, —Vj,. For a p-type substrate,
reverse bias implies the substrate is at a negative bias relative to the source. Therefore, the backside reverse
bias is negative. For long channel MOSFETS the source-to-drain spacing, or mask channel length L,,, is
much larger than the depletion width under the gate, w. Under these conditions, the junction depth does not
influence the results, and drain bias variations do not appreciably alter the electrical channel length L. The

quasi-Fermi level ¢F, as a function of band bending ¢, using Gauss’s law, is given by

(BVgate — Bos)*/a* — B } (2.42)

Born = Bor — ln{ (n:/Na)2 [P0 1]

Eq. 2.42 determines ¢r, in terms of ¢; at any point in the channel. As a result, the equation for the current
and for the carrier density are functions of only the one variable, ¢, rather than both ¢; and ¢f,. In Fig. 2.10,
Bor, + Bor is plotted as a function of B ¢;.

So far, B¢r, becomes infinity when the numerator of the logarithm vanishes, for example when 3 ¢, has the

value B @, which satisfies

(BVeate — Bsar)* = &*(Bsar)- (2.43)

Eq. 2.43 is usually referred as the pinch-off condition and the values of B¢, also are shown in Fig. 2.10. At

the source end of the channel, the quasi-Fermi level, ¢, is equal to that of the source itself,

OF, = Op(source) = @ + Vy,. 2.44)
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Figure 2.10: Electron quasi-Fermi level, B¢g, as a function of B¢, for two V,,,. values, green color for
for =250 nm, Ny = 6.2 - 10" em™3 and red color for ¢, = 700 nm, Ny =4.4- 102 cm 3.

For Vs = 0, ¢, = ¢r because source and substrate are at equilibrium and the band bending at the source
end of the channel is the same as the band bending in a MOS capacitor with gate bias V... Similar at the

drain end of the channel

¢, = ¢r(drain) = ¢ + Vs + Vag. (2.45)

The value of V,;, at which ¢, becomes very nearly ¢y, near the knees of the curves in Fig. 2.10, is called the

saturation voltage, Vs sur, defined as

Vds,sat = ‘Psat - ¢s0~ (2-46)

For values of V;; > Vg, ¢ur, the additional drain bias does not increase the band bending, but increases the
electric field in the drain transition region, between the drain end of the channel and the drain. In addition,
the size of this transition region increases with V, causing a reduction of the channel length, L. This channel
length is the distance between the source end of the channel and the drain end of the channel and is not the
same as the metallurgical source-to-drain separation, L,. For a long channel MOSFET, L, will not be very

different from the source-to-drain separation.

Using the derivative of Eq. 2.42 as a function of x, the total charge in the inversion layer as

goN; = Cox (Vg — ¢5) — qoNaLpV2(Bo)"/? (2.47)

and integrate Eq. 2.48, from the source end of the channel to the drain end of the channel as,

L L
/ Idx = —/ (qu,uNId(PF" Ydx (2.48)
0 0 dx
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the drain current, I, is calculated

Ij=—(W/L)uCp:B{(1+ BV,) (Bos — Bos) — (1/2)[(Bos)* — (Bso)]
—(2/3)a[(Bos)>* — (Bos0) ]+ a[(Bos) /> — (Bso) ']} (2.49)

For any given gate bias,

Vo = Veate + Vs (2.50)

where B¢y is found at the source end of the channel, Eq. 2.44, and B¢, is found at the drain end of the
channel, Eq. 2.45. It is required that

0 S ¢SL < (Psat (2-51)

where ¢g;, = 0 corresponds to Vs = 0 and ¢5;, = @5, corresponds to an infinite Vy,, Fig. 2.10. To generate
MOSFET characteristics using Eq. 2.49, the procedure is to choose V,, and ¢y. Then, Eq. 2.42 and 2.44
determine V as

BVe = B +a{B oy +ePoo2Por=Bliy1/2, (2.52)

In order to generate drain current characteristics as a function of drain bias for a given gate bias V,, Eq. 2.42,
must be solved for ¢s0 [28]. When @59 is known, the current /; as a function of drain bias can be calculated
using an allowed range of values of ¢,;, Eq. 2.51. In addition, curves of current /; as a function of gate
bias for a given drain bias also can be obtained. For chosen values of Vg, Vi, and ¢y, V, can be obtained
from Eq. 2.52. With V, determined, ¢ can be calculated from Eq. 2.42. For V,,; =0V, V, = V4. With
@0 and ¢y, 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 /; as a function of drain-source voltage V. At large gate voltage Vg, the

current /; increases almost linearly with Vj, and this is the linear regime.

As Vyq is increased further, the curves begin to drop below a straight-line dependence upon V,. The behavior
is parabolic in Vy,. This parabolic regime, including the linear regime is called the triode region. For large
enough Vg, Vs > Vi sar, the current saturates at a value Iy, Increasing drain bias hardly affects the current
in this region, the saturation region. In particular, at large V,4. the silicon surface is strongly inverted. At
low V4, the strong inversion region extends from source to drain, and the channel behaves just like a resistor,
the current is proportional to V;, (linear region). However, at larger V,; 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 /R drop which implies higher channel resistance. So far, the larger the V4, the higher

the resistance. More V,; is needed to increase the current, than when the channel resistance is fixed (triode

24



2. Physics of basic semiconductor and device theory

40 I T 140
— Ve —60V]: : :
|| == Vewe=70V| . ... : :
35 —_— Vi,,,:S.OVE : : 120
— 30— Vewe=s0v| /. : ; —
T'E‘ " S 100
~ 25 —~
S S 80
I L N 3.
E 20 5 “
~ H /\\
= IS e f 7 p A ~
= 10 = SR
5 : 20
0 i 0
0 2 4 6 8 10
Vs [V] Vgate V]
(@) (b)

Figure 2.11: (a) Current I, as a function of drain-source voltage V,;; with gate voltage Vg, as parameter, and
(b) Current I, as a function of gate voltage Vg, With drain-source voltage V;;, as parameter with #,, = 700 nm,
Ny=4.4- 102 cm*3, Vfb = Qs and Vj; = 0.

region). For Vg, Vs > Vg sar. the carrier density at the drain end of the channel becomes so low that the
band bending at this end of the channel no longer depends on the carrier density. The channel is pinched-off
point P, Fig. 2.12, and any increase in Vy; is simply dropped between the drain end of the channel and the

drain, with virtually no effect on the current (saturation).

————— — 7 INVERSION ————-
DEPLETION
LAYER REGION
l| Vs Vga“’ Vds= Vds,sm
|_| JV/ S IA .A_I

n+

Figure 2.12: Schematic diagram of an n-MOSFET showing channel pinch-off as Vj; is increased (a) an

inversion layer connects the source and drain, Vys < Vy o, (b) at the on set of saturation, the channel

pinches off at the drain end, Vj; = Vg, s and (c) the pinch-off point P moves towards the source. Figure
taken from [29].

In Fig. 2.11 (a) the V;; beyond which saturation sets is indicated by a dashed line. In addition, in Fig. 2.11
(b) is presented the current I, as a function of V., with Vs as parameter. For a fixed Vy,, current increases

linearly with Vi, provided Ve, is not too low.
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2. Physics of basic semiconductor and device theory

Subthreshold region The subthreshold region corresponds to gate biases below Vr, for band bending less
than 2¢r + Vp,. This band bending corresponds to weak inversion and allows N; to be simplified as in
Eq. 2.22. In weak inversion, Ny, is small and ¢ is near saturation value @y, as follows from Eq. 2.43. In
addition, ¢, is almost the same everywhere in the channel. The change in N; between source Njg and drain

N[L iS,

Nio — Ny = NyLp(n z/Nd) (B osar) (*BVbs)[l _ (—BVa) ](2B¢sa1) 1/2 (2.53)

The band bending is constant along the channel in the subthreshold region, at a value ¢s,;. 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, dN;/dx. As the current must be the same at any point along the channel, x, dN;/dx must

be constant and is obtained from

dN; _ NiL—Nio

2.54
dx L ( )
So far, in the subthreshold region
- (W/L)NlrlCIONdLD( i/ Na)2el PV
x ePosa) [1 — =BV (2B 9y )71/ (2.55)
where ¢, is a function of Veate and Vi
BOsa = BVeare + BVos + % /2 = Q(BVyare + BVos + 0 /4)'/? (2.56)

Of course, the value of ¢y, affects S. In Fig. 2.13 (a) is presented S as a function of « for two @y, values.

1) Near exponential dependence of I; upon gate bias [due to e(B9)],
2) Independence of drain bias for V; > kT /qo [due to e(—BVas) « D].

3) More rapid reduction of I; with V, 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,

dInl

g

S=In 10{ 31 (2.57)

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

dinl dpBdsu

-1 2.58
Bowr dBV, | (2:38)

S = (kT /qo)In10{
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Figure 2.13: (a) Subthreshold swing § required to reduce the subthreshold current one decade as a function
of the parameter & and (b) Oxide thickness as a function of doping level for given a values.

Caep(Psat) = Crp[2Bdoua] /> (2.59)
dpv,
dﬁﬁ‘])sit =1+ Cdep(‘])sat)/cox (260)
dinl
W;m = 1= (2/03)[Caep(Psar) /Cox]? (2.61)
S = (kT /qo) In 10[1 + Cyep(@sar ) /Coxl /{1 = (2/ %) [Cutep(Psar) /Cox]*} (2.62)

Triode region This region corresponds to gate biases well above V;;, and to drain biases below Vg ¢4 In
this regime, Fig. 2.10, shows that ¢; and ¢r, are almost linearly related with unity slope. The quasi-Fermi

level ¢F, changes by an amount V, on going from source to drain, so

Osr. = ¢s0 + Vs (2.63)

Using Eq. 2.63 and assuming 3¢, > 1 the current I; becomes

Iy = _(W/L)/JCOX{(Vg — 050 — Va5 /2)Vag
—(2/3)aB 2 [(Bowo +Vas)** — (Bow)* 1} (2.64)
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At low drain biases, the (%) power terms can be expanded in a Taylor series

3 3.1
(B0+Va)? =037 = (5)(90)' Vs + (3)(5

5)(3)(00)72VE /2. (265)

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

Iy = _(W/L)Ucox{vg —Vin — (1) [1 + (oc/2) (ﬁ ¢s0)_1/2]vds}vdS' (2.66)

2
This form is the basis of the experimental determination of threshold voltage. The current I, is plotted as a
function of Vi, at low value of V. If u is independent of Vg, according to Eq. 2.66, such a plot is a straight
line with intercept at V, = Vo where

Voo = Vi + ()1 + (@/2) (Boo) ™ Vas. .67

Therefore, V;;, can be determined from the intercept Vo, using the known Vy,, « and Bdy ~ 2B¢;. In
practice, this procedure is not straightforward because no straight-line region of /; as a function of V, is
observed. The mobility of the carriers in the inversion layer varies with V,. So far, the current I, as a function
of V curves change from a subthreshold behavior to a sublinear behavior as V, increases. A straight line
is fitted to the 1;(V,) curve and the fitted line has the intercept V,o. The slope of the line fitted through the
inflection point is equal to (W /L)uC,y. Because (W /L) and C,, 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 10' cm=2. Above
an interface charge density of 10!° 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 V, values well above threshold and for Vi >> Vi sar, B@sz = B@sa. In this region,

the current /; has saturated and is independent of V. This current, ; 44, is given approximately by

Id7sat = m(W/L).uCox(vg - Vth,sat>2 (2.68)

and the threshold voltage, Vj, s €xtracted from the intercept of /1, 4. as a function of V; is given by

Vinsar = Vo + 050+ B at(Boso) '/ (2.69)

where ¢y is the band bending at the source end of long channel region. The slope parameter, m, is given by
1/m=2{14a/[(Bou)"*+ (B9:0)"*]}. (2.70)
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Effective mobility The carrier inversion layer mobility values for electrons and holes are lower than the
bulk mobility values. The carriers in the channel undergo scattering by the charges at the surface boundary
and by surface roughness, in addition to the scattering with the crystal lattice and ionized impurity atoms. In
particular, the carrier mobility of a MOSFET is a strong function of the properties of the Si-SiO, interface
and is strongly influenced by processing techniques. The carriers in the channel move under the influence of
the normal electric field £, and the lateral electric field Ey due to V., and Vj, respectively. The scattering
increases with increasing fields. The normal field E, accelerates the charge carriers towards the surface
causing carriers to scatter more frequently than in the absence of V.. The lateral field E, causes charge
carriers to move faster, so at high V,; the carriers become velocity saturated. Clearly it is not constant and
depends on both E, and E,, which is in contrast to the earlier assumption of constant (i and taken outside
the integral in Eq. 2.48. In order to avoid complications, an effective mobility fi.7r is defined as the average

mobility of the carriers

_ Iy Hs(x, y)nx, y)dx 271

Herr
Jan(x,y)dx

where [i;(x,y) is the surface channel mobility and n(x,y) is the channel carrier density. In general, at least
three different scattering mechanisms, as shown in Fig. 2.14, have been proposed to account for the mobility

behavior in the region where the gate voltage is above threshold [43]:

Coulomb Surface
scattering roughness
scattering

Phonon

Mobility

scattering High \
temperature \
AN
Y
= = = = Total Mobility \
Efioq

Figure 2.14: Schematic diagram of Ey,;; dependence of mobility in inversion layer by three dominant
scattering mechanisms [44].

1) Phonon scattering due to the various modes of lattice vibration including surface acoustic phonons
and optical phonons. Phonon scattering is important at room temperature and can be ignored at very
low temperatures [45].

2) Coulomb scattering due to charged centers, including fixed oxide charge, interface-state charge and
localized charge due to ionized impurities. The effects of Coulomb scattering are important for lightly
inverted surfaces. High surface-charge densities or substrate doping concentrations imply increased
Coulomb scattering. This type of scattering becomes less effective for a heavily inverted surface

because of carrier screening [46].
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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 .z 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,

Ey \'
Uerr = Ho <E ) (2.72)
eff

where L is the maximum extracted value of the mobility at a given doping concentration, is called the
low field surface mobility. Ej is the critical electric field below which p.rr = to and above which . zr
begins to decrease and Vv is an empirical constant. E, s is the effective electric field at the Si-SiO, interface.
An increase in E, ¢y 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-SiO» interface is of good quality (oxide charge density less than 10'© cm™2) and the
channel inversion charge is properly calculated. So far, (. is more a function of the Si-SiO; interface than
device parameters such as oxide thickness or doping concentration. A similar mobility model which fits

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

Ho

2.73
EEo (2.73)

Hefr =

where 0y is called the scattering constant. The E,¢ 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

Ho

= 2.74
”eff 1 + 0 (Vgate - Vth) + ebes ( )

where
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o — Oy ncox
EpEsi

(2.75)

is called the mobility degradation coefficient and 1 is a weighting factor equal to 1/2 and 1/3 for electrons
and holes respectively. The effect of V}, 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 Vj,; = 0 is still applicable [43,
53].
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3. MOSFET structures and operation

The effective channel length L.ss and width W, s of a MOSFET are important device parameters in order
to model the structure using TCAD simulations [6]. Usually there are differences between the mask defined
and the physical dimensions. In this chapter are presented how these differences influence the mobility y at
the Si-SiO; interface and the threshold voltage Vi;,.

3.1. Structures

The investigated test structures are shown in Figs. 3.1 and 3.2. In Fig. 3.1 (a) and (b) is shown the cross
section and top view of the rectangular p-MOSFETs <100>. The structures are build on high-ohmic n-Si

with a common gate for three different channel lengths.

y“

Channel

Source Drain

n-Si

138 +L

276 +L

X [pm]

(@) (b)

Figure 3.1: (a) Cross section and (b) measurement setup top view of the rectangular p-MOSFET <100> for
the three different L,, channel lengths.

The defined mask channel lengths L,, are 52, 102, 202 um and the gate width Wy, = 103 tm. For the

circular structure, the W /L ratio

w 27
Z = ln Fdrain (31)

Tsource
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Figure 3.2: (a) Cross section and (b) top view of the circular p-MOSFET <100>.

is derived using the radius of the source implant, r,,c., and the inner radius of the drain implant r4,4,. In

Fig. 3.2 (a) and (b) is shown the cross section and top view of the circular structure. The mask channel length

is 252 pm with vy = 99 and inner 7y, = 351 pm.

3.1.1. Drain-source current characteristics

The drain-source current characteristics of the above circular and rectangular p-MOSFETs are presented in

Fig. 3.3. The devices are operated in the enhancement mode, no conducting channel between source and

drain at zero gate voltage [29,54]. They are normally-off.
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Figure 3.3: (a) I;, as a function of V4, in the linear region, V;; = —50 mV, and (b) I;, as a function of V

for three V4, values of the circular and the three rectangular p-MOSFETs <100>.
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As shown in Fig. 3.3 (a), the drain-source current I, as a function of gate voltage V. in the linear region,
for drain-source voltage V;; = —50 mV, depends on the channel length. For the rectangular design, the
smaller the length, the higher I, at the same V4. value. For the circular design, the W /L = 4.96 is higher
compared to the rectangular W /L, so higher I is expected. Similar effects are presented in Fig. 3.3 (b)
for the I as a function of Vy, for three V., values —2.2, —2.4, and —3.0 V, as also the saturation current
depends on the W /L ratio. After normalization to L/W ratio, in Fig. 3.4 (a) the I;5(V,a.) curves do not show

a good agreement. In addition, the normalization difference is shown in Fig. 3.4 (b) for the I;5(Vy;) curves.

Q=@ cire, Voge =-22V
B=@ circ, Voge =-24V
1076 A=A cite, Voge =-3.0V

! ! @=@ L=52um Vo =-22V
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Figure 3.4: (a) I, as a function of Vg4, in the linear region and (b) I, as a function of Vj; for three Vgg,
values normalized to L/W, of the circular and the three rectangular p-MOSFETs <100>.

For the circular design, the higher 1,;,(V,;) for Veare = —2.2'V is related to the difference in V;;, as for Vg, =
—3.0 V the agreement with the rectangular design has been improved. In order to understand the above
effects, a further investigation is necessary of the effective channel length, mobility, gate-bias dependence

and parasitic series resistance.

3.2. Length and width definitions

According to Refs. [55-63], many methods have been developed to measure the effective channel length,
L.sr, of a MOSFET. Most of them are based on the device’s current voltage characteristics at low drain bias
above threshold [58]. The basic assumptions of nearly every channel length extraction method are: channel
length independent mobility and gate voltage independent series resistance [60]. In the present analysis is
used the De La Moneda method [56].

3.2.1. Series resistance and channel length

The MOSFET source/drain series resistance and the L.ss or W,rs are determined from the Ids(nge) for

low Vj; in the linear region. The resistance between source and drain consists of source resistance, channel
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resistance, drain resistance and contact resistances. The source resistance R, and drain resistance R, are

shown in Fig. 3.5 (a).

oL L-26L oL

(@) (b)

Figure 3.5: (a) MOSFET source and drain resistances and device cross section showing the actual gate
length L and L, sy = L — AL with AL = 28L and (b) Various MOSFET gate lengths: mask length L,,, physical
gate length L, metallurgical L, and effective channel lengths L. sy. Figures adapted from [55].

They are due to the source and drain contact resistance, the sheet resistance of the source and drain, the
spreading resistance at the transition from the source diffusion to the channel, and any additional "wire"
resistance. The channel resistance is contained in the MOSFET symbol and is not shown. The L./ differs
from the mask defined length, due to source and drain junction formation under the gate, as shown in Fig. 3.5
(b). L,, is the mask defined gate length, L the physical gate length, L,,., the metallurgical channel length
(distance between source and drain), and L.y the effective channel length. L, is not always equal to L, ;.
In general L.sr can be defined as the channel length that gives good agreement between measurement and
theory when it is substituted into appropriate model equation [55]. Neglecting the body effect of the ionized
bulk charge in the MOSFET space charge region, the MOSFET current voltage equation, valid for low drain

voltage, can be written as

Wers 1

lag = ueffc0xl;7(véate —Vin — Evcgs)vzgs (3.2)
where W, rr = Woate — AWeate, Lesr = L — AL, Vyy, is the threshold voltage, Véfs and V; are defined in Fig. 3.5
(@), Ware 1s the gate width, L the gate length, C,, the oxide capacitance per unit area and L, the effective
mobility. W and L usually refer to the mask dimensions. With Ve = Ve 4 LasRs and Vg =V + Lag(Rs +
R;), Eq. 3.2 can be written as

W, 1
Ids = ,ueffcoxLe—ff(Vgate —Vin— Evds)(vds - Idsde) (3-3)
eff
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if Ry = Ry = Ryy/2, where Ryy = Ry + R,. For low drain-source voltage (V5 ~ 50 — 100 mV) the device
is operated in the linear region. For the device biased in strong inversion, with (Vgare — Vin) > Vy,, Eq. 3.3

becomes

W,
Ids == .ueffC()xLeiff (Vgate - Vth) (Vds - Idsde) (34)
eff
which can be written as

NeffCOXWeff(Vgate - Vth)vds

Iy, = . (3.5
’ (L - AL) + ueffCoxWeff(Vgale - Vlh)de
From Eq. 3.5 the entire channel resistance R,, can be written as
L—AL
Rm = Rch + de = +de (36)

/JeffcoxWeff(Vgate - Vth)

where R, is the channel resistance and Ry the source/drain resistance. The mobility L. sy can be written as

Uo Uo Uo

R - ~ (3.7)
Herr =1 +0(Vowre = Vin) 14+ Veare = LasRs = Vin) /Viya - 1+ Veare = Vin) /V1 2

where 6 = 1/V , with V|, the gate voltage at which s = Uo/2. Ry, is derived in Eq. 3.8, with slope m

and intercept R,,;;.

LoAL VAL —AL)
R, = 12 Ry (3.8)
BoCoxWerr(Veate = Vinl) — H0CoxWery
L—AL
m=_——_"2_ (3.9)
.UOCOJCWeff
R Wipl(Z —AL) Ry =V m+R (3.10)
i = = m .
mi Lo CoxWeff sd 1/2 sd

Using Eq. 3.2, the parameters o, V;/; and V;;, 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 Ef;.14 at the Si-SiO; interface ~ 250 kV/cm. Differences are observed for the mobility parameters L
and Vi, between the circular and rectangular design. Smaller differences are observed for the V;;, 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 AL, Ry, Uo and V), are extracted using Eq. 3.8, according to the
method presented in Ref. [56]. First Ry, is plotted against 1/(Vyae — Vi) as shown in Fig. 3.6 (b).

The slope of this plot is m defined in Eq. 3.9 and the intercept on the R, 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/W,s71Cox and an intercept
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Figure 3.6: (a) I;; as a function of V4, and the parametrization fit used to determine the threshold volt-

age V};, and the hole mobility of the circular and rectangular p-MOSFETs <100> and (b) R,, as a function

of 1/(|Veae — Vin|) and the parametrization fit used to determine the slope m and the intercept R,,; of the
rectangular p-MOSFETs <100>.

Table 3.1: Comparison of the extracted parameters between the circular and the rectangular FZ320 p-
MOSFET <100> before correction for AL.

p-MOSFET fo [em¥(Vs)]  Vija [V] Vi [V] Eficia [kV/em]
circ-F7Z320, L=252 um 394.4 34.2 2.11 260
rec-FZ320, L=52 um 403.0 37.0 2.32 250
rec-F7Z320, L=102 um 387.8 37.7 2.31 250
rec-F7Z320, 1L.=202 um 380.4 38.1 2.29 250

on the L axis of AL, allowing tty and AL to be determined. In addition, R,,; is plotted as a function of m, and
Vf/; is determined from the slope and R,; from the intercept on the R,,; axis. Two structures with different
channel lengths suffice for these measurements. The channel lengths should be selected to minimize the
error in AL associated with the extrapolation of the m versus L plot. Errors in AL are minimized by choosing

channel lengths that differ by about a factor of ten.

Table 3.2: Comparison of the extracted parameters between the rectangular FZ320 and M200 p-MOSFET
<100> after correction for AL.

p-MOSFET  pig [em®(Vs)]  Vis [V] AL [pm] SL [um] Ry [2]
rec-FZ320 373.24+0.3 38.5+0.1 3.86+0.05 1.93+0.03 269 +26
rec-M200 373.14+0.2 36.8+0.1 3.42+0.05 1.71 +£0.03 125 +27

The method has been applied on Float-Zone with 320 pm (FZ320) and Magnetic Czochralski with 200 ptm
(M200) physical silicon wafer thickness, respectively. The data and the linear fits are shown in Fig. 3.8 and
the results in Table 3.2.

The mobility parameter [y, which is related to Coulomb scattering effects, for the FZ320 and M200 p-
MOSFET is approximately the same. Small difference is observed for the V,; , which is related to scattering
due to surface roughness. In addition, differences are observed for the §L and Ry; parameters. The §L

parameter has been extracted in the expected range, assuming a junction depth y; of the source/drain regions
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Figure 3.7: (a) Slope m as a function of L and (b) Intercept R,,; as a function of m.

around 2.4 pm, SL is approximately 0.8y;. The W,s; could be determined in the same way as indicated

above for the L.z, if at least two structures with different channel widths are available for these measure-

ments, Fig. 3.9. Both AL and AW, depend on mask fabrication techniques, photolithographic process

and equipment, production quality control, source/drain junction depths, and the size of the minimum di-

mensions. In most processes L. sy is less than L, because lateral diffusion of the p* implant is dominant

compared to other photolithographic variations. In the Al gate process W, ss is always larger than W,

because over-etching of either or both source/drain diffusion and gate oxide is used to compensate for the

misalignment in order to improve yield [29].

m[V-MQ

Figure 3.8: (a) Slope m as a function of L and (b) Intercept R,,; as a function of m for the FZ320 and M200
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rectangular p-MOSFETs <100>.
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Figure 3.9: Proposed future design of rectangular MOSFETs for two different gate widths (a) Wgae 1 and
(b) Wgate,Z-

3.3. Summary

In this chapter are presented measurements of the drain-source current I, as a function of Vg, for long
channel p-MOSFETs built on <100> n-type Si. The data can be described for gate voltages approximately
3 V above the threshold to an accuracy of about 1 %—2 % by the standard Brews formula in the linear region
and a model for the electric field dependence of the surface mobility. This allows to determine the threshold
voltage to an accuracy of about 10 mV and the surface mobility of the charge carriers in the inversion layer

to an accuracy of 1 %.
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4. Basic mechanisms of radiation effects and the Si-
Si0, 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, SiO; and the Si-SiO; 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 ®°Co
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

41



4. Basic mechanisms of radiation effects and the Si-SiO, system

Specific interactions between primary
irradiating particles and target atoms

Photons (— high energy secondary electrons)
e Photoelectric effect

e Compton scattering

e Pair production

Charged particles
e Rutherford (Coulombic) scattering
o Nuclear interactions (heavy particles)

Neutrons

e 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.
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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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4. Basic mechanisms of radiation effects and the Si-SiO; system

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 SiO;
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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4. Basic mechanisms of radiation effects and the Si-SiO» system

energy through lattice scattering and are "thermalized" in energy, falling to the vicinity of the conduction

and valence band edges, respectively.

Charged —
i Ionization
Particles
Neutrons Displacement
Damage

Figure 4.2: Schematic indicating primary radiation effects (solid lines) and secondary effects (dashed lines)
in electronic materials [64].

Except for some fraction (small in semiconductors, possibly large in insulators) of the electron/hole pairs
which undergo what is called initial recombination, the electron and hole will be free to diffuse and drift
(if electric fields are present) away from their point of generation. Until they either undergo recombination

elsewhere in the material, are trapped at a localized trap site, or are collected at an electrode.

(a) Conduction band

Ec

Incident EV

particle % Valence band

© —

(b)
LEC ~© EC
5 T e

Figure 4.3: Process of ionization in semiconductors and insulators: (a) Ionization event, (b) Thermalization

(picosecond time scale), and (c) Charge separation and drift. Ionization leads to transient photocurrents and

build-up of trapped charge (space-charge effects). Effective measure of damage is charge yield per unit dose.
Figure adapted from [64].

If an electric field is present, there will be a net charge separation and therefore, an electric current. These
radiation-induced photocurrents can be a major problem in semiconductor junction regions, resulting in
transient upsets of circuits or current latch-up conditions. These problems are increasing in importance as
the sizes of devices are scaled down, so less charge is necessary to cause failure. In insulators (e.g SiO,),
radiation-induced photocurrents are generally not a problem because of the much lower carrier mobilities
and lower numbers of electron/hole pairs created. The insulators generally contain relatively large densities
of charge trapping centers at which the radiation-induced charges can be trapped for long periods of time.
The trapped charges can then generate internal space-charge electric fields, which in turn can lead to voltage

offsets or shifts in device operating characteristics. In addition, internal space charge fields due to trapped
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4. Basic mechanisms of radiation effects and the Si-Si0; system

charge in field oxides and passivation insulators can turn on parasitic current leakage paths. The amount of
damage due to ionization is directly related to the charge yield per unit dose, i.e., number of electron/hole
pairs generated per Gy. Table 4.2 presents for Si and SiO; the average ionization energy (Ep) required to
generate a single electron/hole pair, as well as the initial charge pair density per Gy (go) deposited in the

material.

Pair generation energy, Pair density generated per

Material Ep [eV] Gy, go [em Gy ]
Silicon 3.6 4.0 x 105
Silicon dioxide 17 8.1 x 10

Table 4.2: Electron-hole pair generation energies and pair densities generated by 1 Gy.

The latter quantity is obtained from the product of the material density and the deposited energy per Gy
(6.24x 10" eV/g) divided by Ep. In wide bandgap insulators such as SiO,, there can be significant initial (or
immediate) recombination of the electron/hole pairs before they can separate. The actual charge yield in this
case is a function of the electric field and the line density of electron/hole pairs (number created per track
length of the incident particle). The value of g listed in Table 4.2 corresponds to the yield in the high field
limit. The important outcome of the atomic displacements is that defects are produced in the crystal lattice.
These may be simple defects such as vacancies and interstitials, or simple combinations of these such as
divacancies, or complexes of vacancies and interstitials with impurity atoms, or even more complex clusters
or defects. Fig. 4.4 shows a simple vacancy defect at the initial lattice site and a simple interstitial where the
knock-on atom came to rest. Defects or impurities which disturb the lattice periodicity produce localized,
discrete energy levels lying within the forbidden bandgap of the perfect lattice [78]. These electronic energy
levels cause an alteration of the electrical properties of the semiconductor crystal and lead to degradation of
the device. For example, additional recombination centers are introduced which can shorten the minority

carrier lifetimes.
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Figure 4.4: Atomic displacement damage in crystalline solid: (a) Atomic displacement event and (b) Simple
radiation-induced defects (vacancy and interstitial). Atom displacements produce lattice defects which result
in localized trap states-energy levels within bandgap. Figure adapted from [64].

Terminology of radiation exposure Neutron exposure is commonly given in terms of neutron fluence,

n/cm?. The amount of displacement damage in a certain material varies significantly with neutron energy. In
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4. Basic mechanisms of radiation effects and the Si-SiO» system

order to allow meaningful comparisons between experiments using different neutron energy spectra, neutron
fluences are expressed in terms of ("normalized to") an equivalent radiation damage of 1 MeV neutron
fluence. For charged particle exposure, the amount of energy that is lost into ionization is given by the
stopping power, or the linear energy transfer (LET) function p ~'dE /dx, expressed in units of MeV-cm?/g.
The stopping power has been studied for a number of target materials as a function of incident particle
energy and atomic number. An example of the stopping power for electrons and protons incident on silicon
is presented in Fig. 4.5. The absorbed ionizing dose (D) is the integral over energy of the product of the
particle energy spectrum and the stopping power. The commonly used unit in the space radiation effects
community of absorbed ionizing dose is the rad (radiation absorbed dose). One rad is equal to an absorbed
energy of 100 ergs per gram of material. The energy loss per unit mass differs from one material to another,
the material in which the dose is deposited must be specified, e.g dose(Si) or dose(SiO2). In the further
chapters, the SI unit Gray (Gy) will be used for the calculation of the absorbed dose, where 1 Gy is equal to
an absorbed energy of 1 J/kg or 100 rad. The ionizing dose rate (D) is expressed in Gy/s [79].
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Figure 4.5: Stopping power as a function of particle energy for electrons and protons incident on silicon.
Data taken from [79].

4.2. Properties of SiO, and the Si-SiO, interface

4.2.1. Silicon dioxide SiO»

Silicon dioxide, SiO,, is probably the most important material in silicon technology and device processing.
It can be used as dielectric capacitor and isolation material, in the particular device where it is formed. Also
it is used many times during silicon processing as a masking material for diffusion or etching and cleaning

of the silicon surface.

4.2.2. Oxidation process

Silicon itself is an easily oxidized material. Depending on the surface conditions a native oxide of nanometer

thickness grows on the silicon surface. This oxide is limited in thickness and it is not pure stoichiometric
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Si0,. Chemical Vapor Deposited CVD oxides are used in many applications however superior silicon diox-

ides are grown at 800 to 1200 °C, Fig. 4.6. Two basic schemes are used: wet and dry oxidation
Wet oxidation: Si(s) +2H,0(g) — SiO,(s) +2H,(g)
Dry oxidation: Si(s) + O,(g) — SiO,(s)

In general thermal oxidation is a slow process, however wet is faster than dry oxidation. In particular,
the growing rate of the oxide on the silicon surface depends on the silicon crystal orientation, the doping
concentration of the material and the oxygen pressure in the furnace. Usually thin oxides in the order up to

20 nm are grown in dry oxidation and thicker in wet oxidation.

Oxygen
——————
Hydrogen
Nitrogen
Burn
== box DCE/HCI

Figure 4.6: Horizontal oxidation furnace with 3-zone resistive heating: wafers are vertically loaded in quartz
boats. Figure taken from [80].

4.2.3. Oxide structure

The thermally grown silicon dioxide is glassy with basic unit the silica structure SiO4, Fig. 4.7 (a). It
presents only short-range order with un-bonded oxygen charged atoms and it is less stable than quartz crys-
talline SiO,. Silicon dioxide has density 2.3 g/cm? and Young modulus 87 GPa. In order to grow oxide
layer of thickness ¢, a silicon thickness 0.45¢ has to be consumed. Under this volume change the original
silicon surface is below the oxide mid-point and mechanical stresses appear on the surface and in corners of
structures. In addition the volume change causes vacancies at the interface between silicon and oxide and

many atoms have free dangling bonds, Fig. 4.7 (b).

N

O Oxygen atom

. Silicon atom

(@) (b)

Figure 4.7: (a) Basic structure of silica: a silicon atom tetrahedrally bonds to four oxygen atoms, (b)
The structure of silicon-silicon dioxide interface: some silicon atoms have dangling bonds. Figures taken
from [80].

These bonds act as interface trap centers of charge carriers. In order to anneal out defects after thermal

oxidation post-oxidation anneal in nitrogen and hydrogen environment is used. In particular the hydrogen
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4. Basic mechanisms of radiation effects and the Si-SiO» system

passivates the free dangling bonds and reduces the charge trapping. For the characterization of the silicon
oxide quality electrical measurements such as the breakdown voltage tests are performed. High quality
silicon dioxides can sustain up to 12 MV/cm electric fields, however typical silicon oxides have breakdown
fields up to 5 MV/cm. The E’ center, usually observed in irradiated MOS devices, consist of two Si atoms
joined by a week, strained Si-Si bond with a missing oxygen atom, sometimes referred to as an oxide
vacancy, shown in Fig. 4.8. It is one of the most dominant radiation-induced defects. E’ centers also pre-
exist in oxide films due to the amorphous nature of SiO, and thermodynamic considerations. Each Si atom

is back bonded to three oxygen atoms. When a positive charge is captured, the Si-Si bond breaks [81].

o (3o
h—> OSi

OOx

Figure 4.8: Model for hole trapping and E’ center formation in SiO,. Figure taken from [81].

The structure of neutral electron traps can be explained by E’ centers. It is established that the E’ center is
formed by breaking the Si-Si bond in an oxygen vacancy defect, Fig. 4.9 (a). The bond breaking is facilitated
by the capture of a hole, Fig. 4.9 (b), leaving a positively charged trap and one Si atom with a dangling orbital
containing one unpaired electron. The resonant flipping of the spin of this unpaired electron gives rise to the

E’ signal in Electron Spin Resonance [82].
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Figure 4.9: Nature of neutral electron traps. Figure taken from [81].

Upon electron capture, the center can return to the E center or the electron from one of the Si atoms decays
to a ground state by joining the unpaired electron of the other Si atom forming a neutral amphoteric trap,
Fig. 4.9 (c). Capture of a second electron leaves it negatively charged, Fig. 4.9 (d). This electron trapping
event gives rise to the threshold voltage shifts associated with filled neutral electron traps. Attempts to anneal

neutral traps have been only partially successful. The hydrogen anneal model is shown in Fig. 4.9 (e).

4.2.4. Si-SiO; interface

Interface traps exist at the Si-SiO; interface and they are the result of a structural imperfection. Silicon is
tetrahedrally bonded with each Si atom bonded to four Si atoms in the wafer bulk. When the Si is oxidized,
the bonding configuration at the surface is as shown in Figs. 4.9 (a) and 4.9 (b) with most Si atoms bonded
to oxygen at the surface. Some Si atoms bond to hydrogen, but some remain unbonded. An interface trap,
is an interface trivalent Si atom with an unpaired valence electron usually denoted by Si; = Sie, where the

(=) represents three complete bonds to other Si atoms (the Si3) and the () represents the fourth, unpaired
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4. Basic mechanisms of radiation effects and the Si-Si0; system

electron in a dangling bond. Interface traps, are known as P, centers [83,84]. On <111> oriented Si, the
P, center is situated at the Si-Si0O» interface with its unbonded central atom orbital perpendicular to the

interface and aimed into a vacancy in the oxide as shown in Fig. 4.10 (a). It has been detected by ESR as

shown in Fig. 4.11.

Silicon (111) Silicon (100)

(a) (b)

Figure 4.10: Structural model of the (a):<111> Si surface and (b):<100> Si surface. Figure taken from [81].

r g=2.0014

Figure 4.11: ESR traces of the P, center for the magnetic field (a) parallel and (b) perpendicular to the
<111> symmetry axis. Figure taken from [81].

On <100> oriented Si, the four tetrahedral Si-Si directions intersect the interface plane at the same angle.
Two defects, named P, and Pyg are shown in Fig. 4.10 (b) and they have been detected by ESR. It is known
that both P,y and Py are chemically identical to the P, center. Interface traps are electrically active defects
with an energy distribution D;; [1/(eV-cm?)] throughout the Si bandgap, Fig 4.12.

Pbﬂ

D, (eV'-em™)
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0 0.55 1.1
Energy (eV)

Figure 4.12: A schematic illustration of the P, and P, densities of states. Figure taken from [81].

The surface potential dependence of the occupancy of interface traps is shown in Fig. 4.13. Interface
traps at the Si-SiO, interface are acceptor-like in the upper half and donor-like in the lower half of the
Si bandgap [85]. So far, as shown in Fig. 4.13 (a), at flatband, electrons occupying states below the Fermi
level Ep, the states in the lower half of the bandgap are neutral (occupied donors labeled by "0"). Those
between midgap and Er are negatively charged (occupied acceptors labeled by "-"), and those above Ep

are neutral (unoccupied acceptors). For a p-MOSFET in inversion, shown in Fig. 4.13 (b), the fraction of
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interface traps between the midgap and Ef is now unoccupied donors, leading to positively charge interface

traps (labeled by "+").
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Figure 4.13: Band diagrams of p-MOSFET (n-type Si) showing the occupancy of interface traps with (a)
negative interface trap charge at flatband and (b) positive interface trap charge at inversion. Figure adapted
from [81].

4.2.5. Nomenclature of oxide charges

Some impurities or defects can be inadvertently incorporated into the oxide during oxide growth or subse-
quent processing steps. This results in the oxide being contaminated with various types of charges and traps.
Four different types of charges have been identified in thermally grown oxide on a silicon surface. These
charges are shown schematically in Fig. 4.14. They are 1) Mobile ionic charge Q,,, 2) Fixed oxide charge
Qy, 3) Oxide trapped charge O, and 4) Interface trapped charge Q;, according to Refs. [4,29]. Later Dan
Fleetwood suggested to add the term border traps as shown in Fig. 4.14. The densities of these charges are

very much dependent on the device fabrication process.
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Figure 4.14: Nomenclature of oxide charges [86, 87].

Mobile oxide charge (Q,,, N,,): The mobile ionic charges Q,, are due to sodium (Nat) or other alkali ions
that gets into the oxide during cleaning, processing and handling of the MOS devices. These ions move

very slowly within the oxide. Their transport depends strongly on the applied electric field (~1 MV/cm)
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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, Ny): As the name suggests these are the immobile charges located within approx-
imately 25 A of the Si-SiO, interface and normally arise from structural damage associated with oxidation
or various impurity atoms. Generally Q 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 (Q,;, N,): The oxide trapped charge Q,, is associated with defects in SiO;. The
oxide traps are usually electrically neutral and are charged by introducing electrons and holes into the oxide
through ionizing radiation. The magnitude of Q,; depends on the amount of radiation dose and energy and
the field across the oxide during irradiation. Q,; resembles Q in that its magnitude is not a fraction of silicon

surface potential and there is no capacitance associated with it.

Interface trapped charge (Q;;, Ni;): The interface trapped charge, is the charge due to electronic energy
levels located at the Si-SiO; 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 Dj;, is defined

_ 1dg,
qo dE

it number of charges/eV - cm? “4.1)
is extremely sensitive to even minor process details, varies significantly from process to process and is

orientation dependent.

Border traps (Qp;, Niy): 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-SiO; 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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and many other factors. In Fig. 4.15, a representative sampling is presented of many present and historical
terms that are used to describe defects in the Si-SiO, system. The defects are grouped schematically with
their physical location in the Si bulk, at the Si-SiO; interface, in the near-interfacial SiO;, in the SiO, bulk
and at the gate/SiO, interface [81].

Gate
Surface Interface
traps/states traps/states
Mobile ionic charge
neutral electron traps
Oxide traps Hole traps Bulk traps Electron traps
E' defects/centers Neutral centers S [/ 0 2
Fixed oxide charge Switching oxide traps
Border traps |Anomalous positive charge Slow traps
Slow states Near-interface oxide traps
Surface Fast Py, defects/centers Interface
traps/states states dangling Si bonds traps/states
Si
Recombination centers Bulk Si defects Dopant atoms

Figure 4.15: Schematic diagram that associates common names applied to defects in MOS devices with
Si0; gate dielectrics with their approximate spatial locations. Figure adapted from [81].

4.3. Mechanisms of the build-up of radiation-induced surface damage

The part of an MOS structure most sensitive to ionizing radiation is the oxide insulating layer (SiO7), which
in present-day silicon sensors is a few hundred nanometers. When the radiation passes through the oxide,
the energy deposited creates electron/hole pairs. In SiO,, the radiation generated electrons are much more
mobile than the holes, and they are swept out of the oxide (collected at the gate electrode) in times on
the order of picoseconds. In the first picosecond or two, a fraction of electrons and holes recombine. This
fraction depends on the applied field and on the energy and type of the incident particle [64]. The holes which
escape initial recombination are relatively immobile and remain near their points of generation, causing
negative voltage shifts in the electrical characteristics of MOS devices. Over a period of time extending
typically at room temperature from 10~ s to the order of seconds the holes undergo a rather anomalous
stochastic hopping transport through the oxide in response to any electric fields present. When the holes
reach the SiO, interface (for positive applied gate bias), some fraction of them are captured in long-term
trapping sites and cause a negative voltage shift. This long-lived radiation-induced voltage shift component
is the most commonly observed form of radiation damage in MOS devices. The long-term trapping of holes

near the Si-SiO; interface, as well as their subsequent annealing in time, constitutes the third major factor of
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MOS response as presented in Fig. 4.16, hole trapping and annealing are very sensitive to the processing of

the oxide and to other variables such as field and temperature.
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Figure 4.16: Schematic energy band diagram of SiO,, MOS structure for positive gate bias, indicating major
physical processes underlying radiation exposure. Figure taken from [75, 88].

The fourth and final component of MOS response is that of a radiation-induced build-up of interface traps.
There can be both prompt interface traps, present immediately after irradiation, as well as a delayed time-
dependent build-up of states which can continue for hours at room temperature. Both the magnitude and
nature (relative ratio of prompt and delayed components) of the interface traps are also highly dependent
upon oxide processing, as well as upon other variables such as temperature and applied field (both magnitude
and polarity). A major electrical consequence of the radiation-induced charging of the SiO; film (including
transporting holes, trapped holes and interface traps) is a shift in voltage operating points for devices, such
as the threshold voltage V};, of a MOSFET. It can be written as

Vin(t) = Vi (1) + AV (1) (4.2)

where Vt(})l is the threshold voltage before irradiation and AV,(¢) is the voltage shift following radiation

exposure. The radiation-induced threshold voltage shift can be written into three components

AVin(t) = AVy (1) + AV (1) + AV (1) 4.3)

where AV, (1) is the short term contribution from the radiation-generated mobile holes in the oxide bulk,
AV, (1) the deep trapped holes near the interface and AV (¢) is the contribution from the charged interface

traps

AVy = —qo/Cos / " (o (1) 4.4
0

AV, = _quNOZ‘(t)/COX 4.5)

AVit - _AQit (l)/ch (46)

53



4. Basic mechanisms of radiation effects and the Si-SiO» system

where g is the electronic charge, 1, is the oxide thickness and C,, is the oxide capacitance per unit area.
In Eq. 4.4, ny(x,1) is the space- and time-dependent density of free (mobile) holes, and the distance x in the
oxide is measured relative to the gate/SiO; interface. In Eq. 4.5, AN,(t) is the radiation-induced density
of deep trapped holes near the Si-SiO, interface. It is time dependent both because of its time dependent
build-up as the transporting holes reach the interface and because of its long-term annealing. In Eq. 4.6, the
sign of the radiation-induced interface trapped charge AQy(¢) is left unspecified, as it can contribute either a
net negative or net positive charge depending on the position of the Fermi level at the Si surface at inversion.

The pre-irradiation condition t = 0~ is depicted in Fig. 4.17 (a)-no oxide charges.
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Figure 4.17: Schematic illustration of processes of charge generation and initial recombination, hole trans-
port, and long-term trapping near the Si-SiO; interface. Figure adapted from [70].

At t =0 Fig. 4.17 (b), the radiation pulse occurs, generating electron/hole pairs across the oxide bulk. In
a time of the order of picoseconds at t = 0" Fig. 4.17 (c), some of the electron/hole pairs will recombine
and the relatively highly mobile electrons will move toward the gate and be collected, Fig. 4.17 (d). Then
the holes begin their relatively slow hopping move toward the Si-SiO; interface, where a fraction for them
are captured in the trapping sites. Fig. 4.17 (e) at 1 = t; shows the intermediate situation, where some holes
are still transporting, some have been collected by the substrate electrode and some have been trapped near
the interface. The final charge configuration at ¢t = 1, after completion of the hole transport is depicted in
Fig. 4.17 (f), where only the long-term trapped holes remain near the Si-SiO; interface. In general the
situation is more complicated as there can be long-term annealing of the deeply trapped holes via tunneling
of electrons from the Si substrate. The radiation-induced interface traps can be present both right after

irradiation ¢ = 0" as well as continuing to build-up over long time periods. The interface traps not only
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contribute to the shift of device characteristics but also cause a distortion ("stretchout”) of the curves (C-V

or I-V) because the charge state of the traps is dependent upon the surface potential.

4.3.1. Charge generation and recombination in SiO»

The initial hole yield in the oxide determines the initial (maximum) voltage shifts of MOS devices and sets
the scale for the amount of damage due to ionizing radiation. The two major factors that determine the initial
hole density are the electron/hole pair creation energy and the field dependent fraction of holes which escapes
the initial recombination processes. The initial value of the threshold voltage shifts is then simply related to
the initial hole density via the dose and geometric (oxide thickness) factors. The electron/hole pair creation
energy £p was determined by Benedetto and Boesch which establishes Ep tobe 17 £ 1 eV. The initial density
is quickly reduced by the initial recombination processes occurring in picoseconds, before the electrons are
swept out of the oxide and collected. The fraction of holes escaping initial recombination, f,(E,y), which
determines the final hole yield, is determined mainly by two factors: the magnitude of the oxide electric
field E,,, which is acting to separate the charge pairs, and the initial line density of electron/hole pairs
created by the incident radiation particle. The pair line density, which is determined by the linear energy
transfer (LET) and therefore a function of the incident particle type and energy, is inversely proportional
to the average separation distance between electron/hole pairs. The closer the average spacing of the pairs,
the more recombination that occurs for a given field, and the less will be the final yield of holes. Fig. 4.18
is a compilation of a number of experimental results of the fractional hole yield f; versus electric field for
a number of particles spanning the range from low to high LET. For these particle sources at a field of 1
MV/cm, the yield varies from almost 90 percent for low LET particles (12 MeV electrons and %°Co) to only
about 6 percent for the high LET 2 MeV alpha particles.
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Figure 4.18: Experimentally measured fractional hole yield as a function of the electric field in SiO, for a
number of incident particles. Figure taken from [75].

Knowing the initial pair volume density per Gy [go = 8.1 x 10'*cm 3Gy !(Si0,)] and the fractional hole
yield after recombination f,(E,), the initial threshold voltage shift is easily obtained. Assuming a uniform
generation density across the oxide layer, the total initial areal charge density of holes which escape recombi-
nation i8 AQj, = qogotox fy(Eox)D, Where 1, is the oxide thickness and D is the dose in Gy(SiO,). According
to Ref. [64] the initial threshold shift is related to AQj, as
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- AVT (0+) = AQh/ZCOx = [qogotoxfy (on)D]/zcox (4-7)

the factor of 2 comes from the fact that the centroid of a uniform charge density is 7,,/2, and a negative volt-
age shift is explicitly indicated corresponding to the positive sign of the induced charge. Finally, substituting

for the constant factors in Eq. 4.7, is derived

—AVr(01) = 1.9 x 107 19%2 f,(Eo)D. (4.8)
The units of AVr are volts if £, is expressed in nanometers and D in Gy(SiO2). Eq. 4.8 shows the dependence
of the initial voltage shifts on oxide thickness squared, indicating a significant improvement in the radiation

susceptibility of devices having thinner gate oxides.

4.3.2. Hole transport in SiO;

The two-stage nature of time-dependent interface-trap build-up was first established by Winokur et al. [89—
91]. In this process as shown in Fig. 4.19, the first stage determines the saturated value of interface traps and
occurs while holes move through the oxide and are subsequently trapped at the interface. The second stage,
which begins after hole transport and trapping [92] and can continue for thousands of seconds, determines the
time scale of build-up. In order to explain the time and electric field dependence of interface trap generation
for MOSCs, McLean [93] suggested that, during the first stage, hydrogen ions (H) are released in the bulk
of the oxide as radiation-induced holes transport to the interface via polaron hopping. This involves the

transfer of energy from the moving hole to the SiO, lattice.
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Figure 4.19: Time dependent threshold voltage recovery n-MOSFET following pulsed irradiation, indicating
characteristic room temperature time regimes associated with various basic physical processes as well as
various possible long-term responses. Figure taken from [73].

An increase in electric field increases the energy a hole imparts to the SiO» lattice as it moves through the
oxide, causing more H' to be released [94]. This in turn results in an increase in interface trap formation

at higher electric fields. In addition, Shaneyfelt et al. [95] in order to explain an approximate E~'/2 field
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dependence of oxide- and interface-trap build-up, suggested the hole trapping/hydrogen transport (HT)?
model. In this model, for positive bias during irradiation, holes move to the Si-Si0O, interface and are
trapped within 10 nm of the interface [96]. During their capture H* is released and expected to be the rate-
limiting step. Time dependent studies have shown that hole trapping cannot be the rate-limiting step in the
interface-trap build-up process [97]. Under negative bias, hole trapping events near the gate/SiO; interface

similarly liberate H", which may then drift to the Si-SiO; interface and form interface traps.

4.3.3. Annealing process

The hole trap model [98, 99], presented in Fig. 4.20, is an attempt to explain both switching and non-
switching oxide traps with a single defect center. It assumes that holes are trapped at an oxygen deficient
site near the interface to form an E’ center. Then the positively charged Si atom moves away from the
uncharged Si atom and relaxes into a more planar configuration. The final separation distance between the
two silicon atoms will depend upon the local bond strains. Then an electron tunneling from the silicon can
be trapped on the neutral Si atom, eliminating the unpaired spin (and thus the E’' ESR signal). If the Si-Si
bond is reformed, then the defect is truly "annealed”, and the charge state will not change with changes in
bias. If the bond is not reformed, then the positive charge is merely compensated and a dipole is formed.
If the bias is reversed, an electron could tunnel back into the silicon, returning the defect to its positively
charged configuration. So far, the defect site is the same for both the switching and non-switching oxide
traps. This model has been used to explain a number of effects, including permanent annealing of trapped
holes, switching behavior of trapped holes, compensation effects, trapping and annealing of neutral electron

traps, and "apparent” conversion of trapped holes to interface traps.
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Figure 4.20: A model for the hole trapping [(a) to (b)] and de-trapping [(c) to (a)] processes are indicated,
along with the intermediate compensation/reverse-annealing phenomenon [(b) to (¢) and (c) to (b)]. Figure
taken from [98].
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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-SiO, 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 AV, are plotted as a function of X-ray
dose for n- and p-MOSFETs with #,, = 50 nm gate oxides.
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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 E,,, 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 AV}, 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 AV, and AV}, 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 Si0,. 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-SiO; 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-SiO, interface. If an electron encounters a hole trapped near the Si-SiO;
interface, the electron may become trapped nearby and neutralize the charge of the hole, or recombine with
the trapped hole directly, reducing the AV, 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 O 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 AV}, 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-SiO, 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, V;;, of a n-MOSFET with ¢,, = 45 nm, during irradiation and during a bias anneal at
room temperature and at 125 °C [106]. The gate voltage was, Vg = 10 V, and the drain-source voltage
was, Vs = 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, AVy;s, and oxide charge AVy,, are also shown in Fig. 4.22 (a).
During irradiation AVy;; increased by approximately 2.5 V and AVy,, decreased by approximately 3.5 V,
the net threshold voltage shift being —1.0 V. AVy;; did not change significantly during the bias anneal. In
approximately 100 hours of bias anneal AVy,, was completely annealed at 125 °C. At this point, the threshold
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voltage shift is due entirely to interface state charge. The room temperature data also indicates an annealing

of the oxide charge, tending to its pre-irradiation value.

VOLTAGE

gl — E
INTERFACE E v
STATE e

CHARGE
L. +++I’ S
Eor
- . 2
Ecp

-2+

[~——— IRRADIATION ——————— ANNEAL T
-3 ‘

PRE 0.1 1.0 10.0 100 1000

(1 x 10° rads)
TIME (hrs)
(@) (b)

Figure 4.22: (a) Threshold voltage shift of an n-MOSFET during irradiation and anneal separated into the

shift due to interface traps and oxide charge. Vg, = 10 V during irradiation and anneal. (b) Energy band

diagram of an n-MOSFET with a positive gate bias. Three possible oxide trap locations E;, E> and E3 are
shown. Figures taken from [106].

Mechanisms for rebound An energy band diagram of an n-MOSFET is shown in Fig. 4.22 (b) for a
positive gate bias. For a positive gate bias the Fermi level is near the silicon conduction band at the silicon
surface. The acceptor type interface traps in the upper half of the silicon bandgap below the Fermi level
will be negatively charged [111, 112]. The donor type interface traps in the lower half of the bandgap will
be neutral. According to Ref. [96] the fixed oxide charge is believed to be an E’ center, located within 5
nm of the Si-SiO; interface. As shown in Fig. 4.22 (b), two possible locations of the oxide charge near the
Si-Si0» interface are the levels E; and E»>. Ej is located above the silicon conduction band and E> below
the silicon valence band. A third location in energy, is the energy level £3 located above the oxide valence
band. It appears that electrons either from the oxide valence band or from silicon are neutralizing the oxide
trapped charge. The time and temperature dependence of rebound can be accounted by a thermally assisted
tunneling process. For this case electrons can tunnel either from the silicon conduction band into trap E1 or
from the silicon valence band into trap £, [113]. If an electron tunnels into the oxide it is captured by the
oxide trap. The conduction electrons will have a temperature dependence given by Fermi-Dirac statistics.
As it is stated in Ref. [106], a bias dependence of the rate of oxide trapped charge annealing will be seen if
the energy location of the oxide trap is that given by E;. The number of electrons in the silicon conduction
band will increase with gate bias. The tunneling rate increases with the number of surface electrons. A bias
dependence will be seen for electrons in the silicon valence band tunneling into trap level E; if the oxide
trap extends into the region nearby to the silicon bandgap. Decreasing the bias will increase the fraction of
the traps no longer accessible to valence band electrons. For trap E3, located above the oxide valence band a
thermal activation energy would be measured directly [114]. Independent of the energy position of the oxide
traps in the silicon dioxide bandgap, a mechanism is present where electrons are tunneling into the oxide

traps and neutralize the charge. When the oxide charge is completely neutralized, the net threshold voltage
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shift is due to charge from the interface traps. For a negative bias voltage after irradiation, the energy level
of the oxide trap is raised above the silicon conduction band edge decreasing the probability of occupancy
by an electron. The weakly bound electron on the oxide trap defect can escape from the trap and tunnel
back into the silicon. Furthermore the p-MOSFETSs do not show a rebound effect after irradiation [106,115].
The threshold voltage of a p-MOSFET decreases negatively during irradiation. During a bias anneal the
threshold voltage increases positively, but is still more negative that the pre-irradiation threshold value. The
Fermi level for a p-MOSFET is near the silicon valence band during a threshold voltage measurement. The
donor type interface traps in the lower half of the silicon bandgap with energies above the Fermi level will
be positively charged. The acceptor type interface traps in the upper half of the silicon bandgap will be
neutral. The oxide trapped charge is still positive. Both AVy;; and AVy,, are negative. During a positive bias
anneal the oxide trapped charge for a p-MOSFET is also neutralized. However, since AVy; is negative, the
threshold voltage after a bias anneal will be still be more negative than the pre-irradiation threshold voltage.
Finally, the rebound effect is temperature and bias dependent. Increasing temperature increases the rate of
oxide trapped charge annealing. Decreasing the bias causes an incomplete annealing of the oxide trapped
charge. The rebound effect can be minimized by using process techniques that minimize the creation of

radiation-induced interface traps.

4.5. Effects on high-ohmic MOSC and GCD

4.5.1. Experimental observations

In order to investigate X-ray radiation damage parameters on high-ohmic silicon sensors like the oxide
charge density and the surface current density MOSCs and GCDs are designed on the same wafer together
with the sensors. On the AGIPD wafer has been designed and fabricated a MOSC, shown in Fig. 4.23 (a),

has a circular shape with a diameter of 1.5 mm, surrounded by a 100 ptm wide gate ring.

(@) (b)

Figure 4.23: Masks of (a) MOS Capacitor and (b) Gate Controlled Diode designed and fabricated on the
AGIPD wafer.

The intersection of the C-V curve with Cy;, is the flatband voltage V;, and the effective oxide charge density

N;f f (fixed oxide charge + interface traps) is calculated from
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N;{f _ Cax(_vfb + Os) ’ 4.9)
q0
and ¢,,; = —0.42 V for the Al-Si work function difference. The C-V measurement on the MOSC before

irradiation shows a flatband voltage V, of —0.40 V. The difference between Vy;, and ¢,,; indicates a negative

charge in the insulating layer with an equivalent density of 1.8-10'® cm~2 at the Si-SiO; interface. The
geometry of the GCD is shown in Fig. 4.23 (b). It is a finger-like structure with 6 vertical and 1 horizontal
fingers surrounded by a diode. The width of the fingers is 100 gm each and the lengths for the 6 vertical
and 1 horizontal fingers are 1000 pum and 1100 pm, respectively. The gate area is 7.1- 1073 ¢cm? and
the surface current density, Jg, ¢, extracted from the I-V measurement before irradiation is 2.0 nA/cm?.
During the irradiations, no voltages were applied to the electrodes of the MOSC and GCD. The C-V and I-V
measurements were performed within 1 hour after each irradiation. In Fig. 4.24 (a) and (b) are presented
C-V and I-V curves from the MOSC and GCD before and after annealing at 80 °C for 10 minutes in order
to obtain reproducible results.
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Figure 4.24: (a) C-V curves of the MOSC and (b) I-V curves of the GCD.

From the C-V curves of the irradiated MOSC, a maximal voltage shift of 45 V has been found for 100 kGy.
However, after annealing at 80 °C for 10 minutes, C-V curves from 10 MGy show a maximal voltage shift,
which may indicate different annealing time constants for different doses. Not only the annealing of oxide-
trapped charges, but also the removal of free carriers in the SiO, produced by prompt X-rays, which also can
shift the flatband voltage of the MOSC. From the I-V curves of the GCD, the maximal surface current was
found at 1 MGy and it decreases for doses above 1 MGy. In Fig. 4.25 (a) the N;{ ! and Fig. 4.25 (b) the Jy,r,
extracted from the MOSC and GCD after annealing at 80 °C for 10 minutes and shown as black triangles,
are plotted as a function of dose and compared to previous measurement results [8, 116]. It is observed that

Oef / and Jsurr for the AGIPD wafer are consistent with the results obtained from the structures produced
by the same vendor (SINTEF) with a different oxide thickness, shown in yellow. fo  and Jsurp saturate
at a dose between 100 kGy and 1 MGy for irradiation without bias voltage, and the saturation values are
(2—2.5)x10" cm~? and 1.7 pA/cm?.
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Figure 4.25: (a) N;{  and (b) Jsurs as a function of X-ray dose. Data taken from [4, 8].

4.5.2. Electric field dependence of Oe)f ’ on high-ohmic MOSC

Field-enhanced injection of positive oxide charges has been presented in Refs. [117,118]. C-V curves of
circular MOSCs have been measured at frequencies between 100 Hz and 2 MHz for a <100> MOSC and
<111> MOSC non-irradiated and irradiated to 1 GGy without bias voltage applied during irradiation. The
following biasing cycle for the gate voltage, V.., has been followed: set Vs, t0 Vjy, in inversion conditions,
remain at V;,, for the time interval #y;45, ramp Vg, from inversion to accumulation (forward ramp), ramp
Veate back to Vi, (reverse ramp), start a new cycle with a different #;,,,, value. The #;;,, are chosen 0, 30,
60, and 120 min. In order to check if the charge injection saturates at long #5;,, additional measurements
have been performed up to f;,; = 15 h for the irradiated MOSCs. For the study of the dependence of the
charge injection on the electric field at the Si-SiO; interface, three different values for V;,, in increasing

order were chosen. The corresponding field values were between 0.3 and 1.5 MV/cm. The data for the
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Figure 4.26: C-V curves at 10 kHz for the irradiated <111> MOSC measured at —20 °C for the 3 values of
Vi and 1, = 0 and 120 min. The results for the forward (f) and for the reverse (r) voltage ramping are
shown. The horizontal line gives the value of the flatband capacitance. Data taken from [117].
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4. Basic mechanisms of radiation effects and the Si-SiO» system

non-irradiated MOSCs were recorded at 20 °C and a relative humidity below 5 %. The irradiated MOSCs
were measured at —20 °C to prevent annealing. It has been verified for the non-irradiated MOSC that the
results for both temperatures agree. Fig. 4.26 shows the 10 kHz C-V curves for the irradiated <111> MOSC.
The horizontal line indicates the flatband capacitance. With increasing fy;,; and with increasing Vj,,, the C-V

curves shift to more negative voltages. It is observed that the forward C-V curve obtained when changing

the voltage from inversion to accumulation is shifted to more negative voltages compared to the reverse C-V

curve. It is defined as N ;{ ](; the value of N;f " determined from the forward C-V curve at the lowest Vi and

for 1,5 = 0 min, and assume that it approximately corresponds to the initial oxide charge density from the

production process and the X-ray radiation damage, if applicable. The difference ANE =
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Figure 4.27: ANOEJ 7 as a function of biasing time for the different inversion gate voltages V;,,,. Both forward
and reverse C-V curves measured at 10 kHz are shown for non-irradiated <111> MOSC at 20 °C. Data taken

from [117].
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Figure 4.28: ANOEJ 7 as a function of biasing time for the different inversion gate voltages V;,,. Both forward
and reverse C-V curves measured at 10 kHz are shown for, (a) irradiated <100> MOSC at —20 °C and (b)
irradiated <111> MOSC at —20 °C. Data taken from [117].

is assumed to be the additional positive charge injected from the Si into the SiO;. The electric field at

the Si-SiO; interface is calculated using E ficrg = |Vgare — Vb|/tox, With the oxide thickness 7,,. The
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4. Basic mechanisms of radiation effects and the Si-Si0; system

as a function of 1;,,, for the forward AN ;{ J}WW and reverse AN;{ ];ev, of C-V measurements at 10 kHz is

presented in Fig. 4.27 for the non-irradiated <111> MOSC. For the irradiated <100> and <111> MOSCs in
Figs. 4.28 (a) and (b) respectively. The results for 100 kHz are very similar. Table 4.3 presents the values
of AN ;{ ]} oy and AN;{ ];ev for t,;,s = 120 min and the electric field values corresponding to the Vj,, values of

the measurements. The N;f{; for <111> 0 Gy is 5.5-10'" cm 2, for <100> 1 GGy is 15-10'"' cm~? and for
<111>1 GGy is 21-10'" cm 2.

Table 4.3: The change of oxide charge density AN;{ 7 due to charge injection at the Si-Si0O, interface for
different electric fields after the biasing time #;;,; = 120 min, where f refers to the voltage ramping from
inversion to accumulation, and r for the opposite ramping.

Orientation ‘ ‘ <111> <100> <111>

Dose 0Gy 1 GGy 1 GGy

E MV/cm] 0.26 0.64 1.28 0.41 0.81 1.47 0.39 0.68 1.13

AN fem™21 || 015101 0551011 09410 || 0.94.10'"  35-10'" 6510 1110t 4.5-10" 11.2-10"
ANZ{[em™2] || 0.10-10'"  045-10''  0.79-10" —0.6-10'"  0.3-10'" 2.3-10! 0.0-10"! 2.2-10" 7.3-10"

In all cases AN ;{ ]} oy > O which is evidence for field-induced charge injection. The values increase with #p;4,

with a typical time constant of about 30 min, and saturation values are reached after about 120 min. However
for the non-irradiated MOSC the effects are at most 20 % of the initial ¥ ;{ ](; and for the irradiated they are as
high as 50 %. For the <111> the effects are always bigger than the <100> MOSC. The significant difference
between the reverse and forward ramp, is interpreted as evidence for a short-term discharge of positively

charged states when the interface is in accumulation. It appears that the densities of discharged states,

AN ;{ J}WW— f{ ];ev, are similar for the <100> and the <111> MOSC at the same values of electric field
and #p;,5. So far, the values of N, ;{ ](; and AN ;{ ]} oy are significantly larger for the <I111> than for the <100>

MOSC. The observed injection of positive charges has to be taken into account when C-V measurements on
MOSCs fabricated on n-Si are used to determine the N;{ T at the Si-Si0; interface as a function of ionizing
dose. According to TCAD simulations [6] of p*n sensors as a function of X-ray dose [4], there is only a

small region at the metal overhangs where the electric field, Fig. 4.29 (a), points into the SiO5.
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Figure 4.29: Electric field at the Si-SiO; interface. Figure taken from [119].

The simulated field components normal to the Si-SiO; interface are below 500 kV/cm. For n'tp sensors
the electric field at the Si-SiO; interface, Fig. 4.29 (b), is either close to zero or points into the Si, once
the positive oxide charge density exceeds the charge density due to the p* implant used to isolate the n™

implants of the segmented electrodes [25].

65






5. X-ray dose and E ;;,;; dependence of N¢//

In this chapter is presented the measurement of the Ey;.;¢ and time dependence of the N;{ T of the Si-Si0,
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 Ey;.;4

The surface radiation damage of the Si-SiO; interface and of SiO, 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 SiO, of about 500 kV/cm, have been irradiated
by X-rays up to a dose of about 17 kGy(SiO,) 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 MOSFETsSs and the hole and electron mobility at the Si-SiO, interface determined. From the
threshold voltage, the effective oxide charge density, Noe)f f , 1s 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-

SiO; interface are presented.

5.1.1. The p-MOSFET irradiated with E;,;; pointing from the Si into the SiO,

In this section is presented how N(fxf ! depends on the X-ray dose and on the direction of the electric field
in the SiO;. In addition, the dependence of the hole mobility at the Si-SiO; interface on X-ray dose and
electric field in the SiO» 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(SiO;) with increasing irradiation steps,
and the time dependence of the drain-source current, I;( ), has been measured. During the irradiations the
MOSFET has been biased in strong inversion, resulting in an electric field in the SiO; of 500 kV/cm pointing
from the Si into the SiO; [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-SiO, interface of silicon sensors, also shown
in Ch. 4.
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From the dependence Ids(nge) of the MOSFET, which was measured by cycling the gate voltage Ve, from
deep inversion to accumulation and back, the threshold voltage V;;, and the hole mobility are obtained. From
Vin, N;f 1 is derived. The Ids(nge) curves also allow to determine at constant Ve, the time dependence of

Vi (1) from I;5(t) before, during and after the X-ray irradiation.

Similar measurements on p-MOSFET with a reversed electric field direction during the irradiations, and on
n-MOSFETs with both field directions, are presented in next section. The final aim of the study is to provide
parametrizations of the effective oxide charge densities and of the mobilities of holes and electrons at the
Si-Si0O; interface as a function of ionizing dose and direction of the electric field at the maximum value
expected for segmented silicon sensors, which can be used in TCAD simulations for designing radiation

tolerant segmented silicon sensors.

Test structure For the present study, a circular p-MOSFET, fabricated by Canberra on <111> n-type Float-
Zone (FZ) Si with a bulk doping of N; = 6.2- 10! cm 3, has been used. Fig. 5.1 shows a cross section and
a top view of the p-MOSFET. The width over length ratio W /L = 27/ In(r2/r1) ~ 9.06, where r; =250 um
is the inner and r» = 500 pm the outer radius of the FET channel, respectively. The thermally grown SiO,
has a thickness 7,; = 250 nm. The p-MOSFET has been part of a test field processed together with a number

of different silicon sensors, Fig. 5.1.
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Figure 5.1: (a) Measurement setup, and cross section and (b) top view of the p-MOSFET <111>.

p-MOSFET characteristics The drain-source current, I, of the p-MOSFET has been measured in the
linear region at a drain-source voltage V;; = —50 mV. An example of a measured Ids(nge) curve is shown in
Fig. 5.2 (a). The linear region of the p-MOSFET for V;; = —50 mV is shown in Fig. 5.2 (b) where is plotted
I;5 as a function of V for different V. values above the threshold voltage. For the p-MOSFET biased in

inversion, where Vg, < Vi, the Ids(nge) measurements have been fitted by [32]
w
Ids = ,ucovads|vgate - Vth| (51)
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Lo

. 5.2
L+ (Veare = Vin) [V 2 62

M:

The oxide capacitance per unit area is denoted by C,y, the threshold voltage by V};, and the mobility of the
holes, which are the charge carriers in the conducting channel of a p-MOSFET, by . For the p-MOSFET,
biased as shown in Fig. 5.1 (a), V,;, and thus also I, are negative. As Vg, in inversion and V;, are also
negative, —I;; versus —Vy, is shown in Fig. 5.2 (a). The dependence of it on the electric field transverse
to the conducting channel, Eficja = (Vgate — Vin)/tox, is parameterized using Eq. 5.2. The hole mobility at
Efic1q = 0 is Ho, and the value of Vggre — Vip, at which the mobility has decreased by a factor 2, is V) /2 A

positive E . | corresponds to an electric field pointing from the SiO, into the Si.
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Figure 5.2: (a) Drain-source current, Iy, as a function of gate voltage, V., in the linear region, and the

results of the fit used to determine the threshold voltage, V;j, and the hole mobility of p-MOSFET, (b) Drain-

source current, I, as a function of drain-source voltage, Vy,, for different V4, values showing the linear
region for V;; = —50 mV.

The free parameters of the fit are Vi, o and V; , [122]. This parametrization provides a good description
of Ijs(Vgate), with deviations between the fit and the data of < 3 Yoo for Veare < Vi, —3 V. The accurate
evaluation of the V;;, extraction, also has been checked with the square root conductance method proposed
from Ghibaudo [123-126]. In the linear region of the MOSFET the transconductance g, is given by the
Eq. 5.3.

aIds Ho w
- = Cor—V, (5.3)
S avgafe Vys=const. [1 + (nge - Vth)/vl/Z]2 . L *

u W

sl TV 7 Cor T Vs (Veare = Vinl) HoC W|V 112 Vinl) S
_ =/ HoCox—|Vas|(|Veare — Vin '

|gm| _V/HoCor p [Va -

1“1’(Vgatefvth)/vl/2
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The calculation of the ratio |I;5|/+/]gm| results in Eq. 5.4. So it can be seen that the ratio |Izs|/+/|gn| does
not depend on the parameter V; . In Fig. 5.3 (b) is shown that the ratio |I;|/ \/@ has a linear dependence
on Veue. With a straight line fit the threshold voltage V;;, and the mobility fip can be extrapolated. The
linearity of the curve, Fig. 5.3 (a), as a function of V., allows a cross check of the parameters obtained

with the parametrization fit, Fig. 5.2 (a).
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Figure 5.3: (a) I;, as a function of V4, in the linear region, and the results of the fits used to determine V;,

and o of p-MOSFET irradiated with E;.;4 1 for the different X-ray dose values, (b) Ratio |I;|//|gm| as a
function of Vg4, and straight line fit before X-ray irradiation.

The difference in the parameters Ly and V;;, which were extracted with the two different methods is less than
1.5%, as presented in the Table 5.1.

Table 5.1: Comparison of the two different extraction methods of the threshold voltage V.

Extraction methods Parameters

o [ Vi [V]
Parametrization fit 257.1 7.41
Square root conductance 253.8 7.39
Difference [%] 1.3 0.3

From V};, the effective oxide charge density, N;f ! , is obtained by Eq. 5.5 with (—) for n-bulk Si

v/ 285:€0q0N42| 65 | )

Cax(_vth“"z‘])b“"‘])ms:f: Cox

q0

NG = : (5.5)

where ¢, = —0.1147 V has been used for the potential difference between the midgap potential and the
Fermi level in the Si, and ¢,,; = —0.4235 V for the Al-Si work function difference. From V; s, the surface

roughness amplitude, A, which corresponds to the width of the region in the Si in which the hole mobility is

70



5. X-ray dose and Ejyip1q dependence of N;f f

lower than the bulk mobility of ~ 450 cm?/(V-s), can be calculated using

A &si &
N Coxqo |V1/2|/kT ’

(5.6)

where &g; is the dielectric constant of Si, & the dielectric permittivity of the vacuum, go the elementary
charge, k the Boltzmann constant, 7' the absolute temperature, and 1 a weighting factor, which is equal to
1/3 for holes [47-49,127].

5.1.2. Analysis method

Fig. 5.4 shows the measurement cycle adopted for the study of the X-ray dose and electric field dependence
of surface radiation damage. On the top is shown, as a function of the measurement time, ¢, the applied gate

voltage Vou (1), and on the bottom, the measured drain-source current I;,(1).
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Figure 5.4: Measurement cycle: the applied gate voltage, Vg (1), is shown on the top, and the measured
drain-source current, I;;( 1), on the bottom of p-MOSFET irradiated at 1 kGy X-ray dose with E field T

In the pre-irradiation cycle, Vg, is changed from +2 V to Vi, kept at Vj,,, for 3 hours, and then changed
back to +2 V. After 2 minutes at V., = +2 'V, this sequence is repeated. Two sequences are used, in order
to check the reproducibility of the measurement results. In the irradiation cycle, V,.. is again changed to
Vi left at this voltage for 3 hours, followed by the X-ray irradiation and another 3 hours at Vj,,, after
which Vg4 is changed back to 42 V. The irradiation cycle is followed by the post-irradiation cycle. The

value of V;;,,, for the pre-irradiation and the irradiation cycle is chosen so that the electric field in the oxide

pre irr
Efield ~

Vi, and thus of Efeq. In order to apply approximately the same E;.y value in the post-irradiation cycle,

—500 kV/em. The build-up of positive oxide charges during the irradiation, results in a change of

Vinv 15 changed and the corresponding electric field is called £ })lae;; i

For the irradiation an X-ray tube with a W anode, operated at 35 kV, has been used. The dose rate in the SiO,
has been calibrated to an accuracy of about 10 % using the photocurrent produced by the X-rays in a silicon
pad diode. The p-MOSFET has been irradiated to a total ionizing dose of 16.61 kGy(SiO) in steps of 10,
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100, 500, 1k and 5 kGy with a dose rate of 0.2 Gy/s, and a last step of 10 kGy with a dose rate of 0.3 Gy/s.
During the measurements and the storage, the p-MOSFET was kept at a temperature of about 23°C.

From the measured Ids(nge) curve, for which Vg, was changed from +2 V to Vj,,, the values of V, o and

Vin of the forward calibration are obtained using Eq. 5.1, and the reverse calibration when changing V.
Neff

ox, forw

Oef f (7) when Vgue = Vi, Eq. 5.1 is inverted to calculate V;; (1) from the measured I;4(7), Eq. 5.7.

from V;,, to +2 V. Using Eq. 5.5, is calculated from the V,;, values and N;{ ];ev. In order to determine

Ly (t
Vth(t) = IR0 dS( ) W +Vgate (5.7)
#/2 - ,uocovads
” b t t
Ve (t) =V (0 (1 - E) +Vt2fter(f)a (5.8)

For the part before irradiation the extracted parameters pf™ and Vf’/rze from the I;;(Vea) calibration curve

measured in the reverse direction have been used. For the part after irradiation have been used the extracted

parameters [,Lg *" and le/azg from the calibration curve measured in the reverse direction. For the 1 kGy

irradiation the calibration curves before and after are shown in Fig. 5.5 (a).
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Figure 5.5: (a) Drain-source current, I, as a function of gate voltage, Vg, in the linear region before and
after 1 kGy irradiation, and (b) Threshold voltage, Vi (), before, during and after 1 kGy irradiation showing
the linear interpolation method.

For the part during irradiation, the linear interpolation of the V,;, change of the regions before and after

N (1) also during

irradiation has been assumed, in order to describe V;;(¢). In this way is measured the
the irradiation, as the hole mobility changes. Eq. 5.8 describes the threshold voltage as a function of time
during irradiation V9 (¢), where Vtzef (1), V;;lf ""(¢) and 14, are the threshold voltage as a function of time
before, after the irradiation and 7,,, the time duration of the irradiation, as shown in Fig. 5.5 (b) for the
1 kGy irradiation. Fig. 5.3 (a) shows the Ids(nge) calibration curves together with the fits for the different

irradiations. It is found that the values of V};, change from ~ —7.5 V to = —21.0 V due to the increase of
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positive oxide charges. The observed decrease of the slope of the Ids(nge) curves with dose is the result
of the reduction of the hole mobility. The deviation of the I;;(V,a.) curves from linearity for large negative
Veate values is due to the decrease of the hole mobility with increasing |E f,-eld| at the Si-SiO; interface. Next
is presented the time dependence of the drain-source current, I;,(#), which is shown in Figs. 5.4 and 5.6 for
the 1 kGy irradiation.

18.0 8.5
17.5
< 17.0 8.0
= 165 o
~ 16.0 s 7.5
| 5
15.5 =
15.0 Sy 7.0
=
15.30
6.5
E 15.25 _
- -~
T 1520 2
15.15 ] ] ] | | S
230 435 440 4.45 450 4.55 4.60
Time [h]
(@) (b)

Figure 5.6: (a) Drain-source current, I;(t), and (b) Effective oxide charge density, Oe,{ ! (1), of the p-

MOSFET before, during and after the 1 kGy irradiation. At = 3 h the X-ray source has been switched on,

which results in an additional photocurrent. At =4.41 h the X-ray source has been switched off, resulting
in the step of I;; due to the photocurrent seen at the bottom of (a).

After every forward calibration, I;; decreases with time at the constant gate voltage Ve = Vjyy. The time
constant is of the order of 30 minutes. A decrease of 1;; corresponds to an increase of N;{ /. For Veate = Vi
the MOSFET is in strong inversion: at the Si-SiO; interface a hole inversion layer has formed, and the
electric field Efigq = (Viny — Vin) /1ox points 1 from the Si into the SiO», Fig. 5.7. As a result, border traps
are charged up positively [128—134]. The increase of the density of charged border traps is defined as
ANy cn = f{ ! (p+3h)— Oe{ ! (t0), where fg is the time at which Veue = Vi was reached for the forward
calibration. Fig. 5.4 shows that after every forward calibration approximately the same decrease of I, is
observed.

As seen in Fig. 5.4, the value of [ 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 Nf{ ! Por Veate > Vi, the p-MOSFET is
in accumulation: at the Si-SiO, interface an electron accumulation layer has formed, and the electric field
points | from the SiO; into the Si. As a result, border traps are discharged. The decrease of the density of
charged border traps is defined as AN,y gisen = N, efs f{ ];ev.

ox, forw

Fig. 5.6 shows the irradiation cycle for the 1 kGy irradiation. When the X-ray source is switched on at
t =3 h, I;; decreases instantaneously due to the photocurrent generated by the X-rays. As seen at the bottom
of Fig. 5.6 (a), the opposite, an instantaneous increase of /;; is observed, when the X-ray source is switched

off at + = 4.41 h. During the X-ray irradiation, /;; decreases approximately linearly with time, due to the
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build-up of radiation-induced positive charges, shown in Fig. 5.6 (b). After switching off the X-ray source,
a further increase of fo ! is observed, which is again due to the charging up of border traps. The effective
oxide charge density after irradiation to a dose D is defined as N ;{ {1 osel D) = Oef ! (t1 + 3 h), where 1, is the
time of the end of the irradiation.

5.1.3. Effective oxide charge density Oe)f !

Table 5.2: Irradiation conditions and extracted values of the surface radiation parameters as a function of

X-ray dose of the p-MOSFET <111> irradiated with E;.;q 1.

pre irr

post irr

Dose | Vace Vi, Eficta Field Ej‘ri;ld Field Nog){fdose ANox, ch | ANox, aisen Ho Vija A
[Gy] V] V] kV/em] | [kV/em] | [kV/iem] | [kV/em] [em™2] [em~2] [em~2] [em2/(Vs)] V] [nm]
0 2.0 | —20.0 380 —500 —500 —500 52.3-100 | 5.3.10™ 5.8-10™0 257 —61 | 0.95
10 2.0 | —20.0 380 —500 —500 —500 59.3-10'9 | 4.6.10'0 5.6-10'0 259 —60 | 0.97
110 2.0 | —20.0 390 —500 —490 —510 61.7-10'° | 4.7.10'0 5.7-10'0 257 —61 | 0.95
610 20 | —20.6 420 —510 —500 —530 69.0-10'° | 4.6-10'0 6.2-10'0 250 —66 | 0.88
1610 | 2.0 | —21.8 470 —530 —500 —570 79.8:10'% | 5.0-10'° | 7.1-10'0 237 -78 | 0.75
6610 | 2.0 | —23.8 640 —570 —460 —680 124.5-10"° | 7.6-109 | 11.5-10'° 207 —111 | 0.53
16610 | 2.0 | —29.0 910 —640 —440 —730 189.8-10'0 | 8.9-109 | 18.8-10 200 —103 | 0.57
Passivation Al
@ Mobile ionic charge (Q,) T
Oxide trapped charge (Q,) E ﬁeld 50,
‘l’ ‘l’ "_' ixed oxide charge (Q)
* Border trapped charge der)
B\ B BT
~3 nm = > - T e Lo ISi0,
Interface trapped charge (Q,) ¢
e e ™ —T —

Figure 5.7: Nomenclature of oxide charges, hole inversion layer and E ;4 1 direction during irradiation.

Table 5.2 presents for the individual irradiation steps the integrated dose values, the values of Vg, in ac-

cumulation V., of V/"" applied to the gate for the pre-irradiation and irradiation cycles, the electric field

in accumulation E%y,, the electric field for the pre- and post-irradiation cycles, E}),Z " and E;;;tdirr, the

average electric field during the irradiation, E}Zl 4» and the results for the effective oxide charge density
and the hole mobility. Fig. 5.8 (a) shows for the individual irradiation steps fo f (¢) during the irra-
diation cycles, and the eighth column of Table 5.2 the values of N e/f (D), the effective oxide charge

ox,dose

density determined at the end of each irradiation cycle. Before irradiation, N;{ ]; sel0) = 5.2 10 em 2,

which is in the range expected for Si with <111> orientation. For the maximum dose of 16.61 kGy(SiO,),
N (16.61 kGy) = 1.9-10'2 cm 2. From the values shown in the Table 5.2 as well as from Fig. 5.8 (a),

ox,dose
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5. X-ray dose and Ejyip1q dependence of N;f f

one sees that the derivative dN:){ {1 ose(P)/dD decreases with dose, where it has to be taken into account that
for the 10 kGy irradiation step the dose rate has been increased by a factor of 1.5. Fig. 5.8 (b) shows E fie14(1)
during the irradiation cycles for the individual steps. The irradiations performed at constant V., at the V1"
values of the third column of Table 5.2. So the |E f,-eld| was decreasing during irradiation due to the increase
of N&/. For the higher irradiation step of 10 kGy, the decrease was ~ 60%. The irradiation with the electric
field pointing 1" from the Si into the SiO,, Fig. 5.7, minimizes the build-up of positive charges in the oxide,

and much larger effects are expected for the opposite field direction.
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00| ]
& T O R S M7 4% WO SO
5 = N7/
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= oy =~ //: - 100 Gy
: ; : . | = 500Gy
—600 e i = TGy U
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: : | == 10kGy
—700 | | | | | T T
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Time [h] Time [h]
(a) (b)

Figure 5.8: (a) Effective oxide charge density, N;{ ! (t) and (b) Electric field E tielq s a function of time for
the individual irradiation cycles of p-MOSFET irradiated with Ef;04 1.

Border traps and hole mobility The effects of border traps, near-interfacial oxide traps that can commu-
nicate with the underline Si over a wide range of time scales, on the p-MOSFET long-term response are
presented. The ninth column of Table 5.2 shows the X-ray dose dependence of AN,y (D), the charging
up of the border traps during the three hours after irradiation, and the tenth column AN,y giscn(D), the dis-
charging of the border traps, when changing V. 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—10 % of fo ! is observed. Fig. 5.9 (a) shows the charging up of border traps at constant
Viate for three hours in inversion, N;f  increases and the discharging, Nf{ ! , decreases after switching from

inversion to accumulation. In addition, Fig. 5.9 (b) shows that during charging up a hole layer is present

postirr
L field

is present with E]‘ﬁfecl 4 pointing | from the SiO; to the Si. For the highest dose values, where also the val-

ues of |E ;’;;;”W and E¢f;, have been the highest, the biggest values of AN, .4(D) and of ANy gisen(D) are

observed, shown in Fig. 5.10.

at the interface and the points T from the Si to the SiO;, and during discharging an electron layer

As discussed in the previous section, the /; S(nge) calibrations allow to determine the dependence of the hole
mobility on V., for the different dose values. For the parametrization of the mobility, Eq. 5.2, is used. The

results for o and V), for the reverse calibration curves following the irradiations, are shown in Table 5.2
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Figure 5.9: (a) Gate voltage Vg, and N;{ 7 as a function of time during the 3 h biasing after 1 kGy irra-
diation, and (b) Nomenclature of oxide charges, charge layer at the interface and the E,;,; direction during
charging and discharging of border traps.
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Figure 5.10: (a) AN, of charging and discharging of border traps, and (b) E ;.4 values during charging and
discharging of border traps as a function of the accumulated X-ray dose of p-MOSFET irradiated with E ;.14
T
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Figure 5.11: (a) Hole mobility, o, and (b) Vi, and A as a function of the accumulated X-ray dose of
p-MOSFET irradiated with E ;o4 1.

and in Fig. 5.11. Por the non-irradiated p-MOSFET, a hole mobility at Ef;.q ~ 0 of tg = 257 cm?/(V-s)
is extracted, which is significantly smaller than the bulk mobility of ~ 450 cm?/(V-s). As expected, (i
decreases with increasing dose. The value of V; s, changes with dose from —61 V to about —103 V. Also in
Fig. 5.11 (b) is presented the dose dependence of the surface roughness amplitude, A, which is defined by
Eq. 5.6. The surface radiation damage of SiO, grown on high-ohmic Si, which is used for the fabrication of
silicon sensors, has been studied. Using a circular p-MOSFET, a method has been established to measure
the effective oxide charge density in the SiO; as a function of ionizing dose and electric field. The method
was applied to a p-MOSFET fabricated by Canberra on Si with <111> orientation and an oxide thickness
of 250 nm for dose values of up to ~ 17 kGy and an electric field in the SiO, of about 500 kV/cm pointing
T from the Si into the SiO,. The effective oxide charge density has been found to increase from about
5-10" em 2 to close to 2-10'? em 2. By cycling the gate voltage between inversion and accumulation
conditions, the charging and discharging of border traps has been observed, and the corresponding changes
in effective oxide charge densities have been determined. In addition, the dependence of the hole mobility
close to the Si-Si0; as a function of electric field and dose has been extracted from the measurements. A
significant reduction of the hole mobility with dose is observed. The work presented above was the first case
towards the determination of the effective oxide charge density as a function of ionizing dose and electric
field in the Si0,. Measurements with p- and n-MOSFET, where the situation is opposite and much bigger
effects are expected, are presented in next sections. The aim of the investigation is to provide data on the
dependence of the effective oxide charge density as a function of the electric field and the ionizing dose in
the SiO», in order to improve TCAD simulations of segmented silicon sensors, in which so far a position
independent effective oxide charge density has been assumed [4]. In addition, the dependence of the mobility

of electrons and holes close to Si-SiO; interface as a function of dose and electric field will be provided.
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5.1.4. The p-MOSFET irradiated with E;.;; pointing from the SiO; into the Si

Similar to the methodology presented in the previous section, irradiations on a p-MOSFET with the E ¢4
pointing | from the SiO; into the Si, have been performed. A circular p-MOSFET with the same dimensions
as in Fig. 5.1, fabricated by Canberra on <111> n-type Float-Zone (FZ) Si with the same process and bulk
doping of N; = 6.2-10'! cm ™3, has been used. The test structure biased in accumulation at a field in the
Si0; of about 500 kV/cm during irradiation and irradiated by X-rays up to a dose of about 17 kGy(SiO;) 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-SiO; interface

determined.
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Figure 5.12: Measurement cycle: the applied gate voltage, Vgu.(1), is shown on the top, and the measured
drain-source current, I;5( ), on the bottom of p-MOSFET irradiated at 5 kGy X-ray dose with E Field -

Measurement and analysis procedures Fig. 5.12 shows the measurement cycle adopted for the study
of the X-ray dose and electric field dependence. On the top is shown, as a function of the measurement
time, 7, the applied gate voltage Vu.(7), and on the bottom, the measured drain-source current I;(r). In
the pre-irradiation cycle, Vg is changed from accumulation to inversion, kept at inversion for 3 hours, and
then changed back to accumulation, V... After 3 hours at V., this sequence is repeated. Three sequences
are used, in order to check the reproducibility of the measurement results. In the irradiation cycle, Ve, is
biased to V/’7, left at this voltage for 3 hours, followed by the X-ray irradiation, after which Vg, is changed
back to V;,,. The irradiation cycle is followed by the post-irradiation cycle. The values of V;,,, V, for the
pre- and post-irradiation cycle are chosen so that the electric field in the oxide E*”,  ~ —500 kV/cm, and

' field ™
E ;f:liim ~ 500 kV/cm respectively. In addition the values of V.., V.. are chosen so that the electric field in
the oxide before E }’lr:l 7", and during the irradiation Ef,4 is 2 500 kV/em. The electric field in accumulation

is defined as Efieia = (Vace — Vin) /Tox-

The p-MOSFET has been irradiated to a total ionizing dose of 16.61 kGy(SiOy) in steps of 10, 100, 500, 1k
and 5 kGy with a dose rate of 0.2 Gy/s, and a last step of 10 kGy with a dose rate of 0.3 Gy/s. During the

measurements and the storage, the p-MOSFET was kept at a temperature of about 23 °C. From the measured
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Ids(nge) before and after X-ray irradiation, for which V,,,, was changed from V.. to V;,,, the values of Vy,,
Ho and Vy, are obtained using Eq. 5.1. From the Vi;, values the fo 7 is calculated using Eq. 5.5. During
the irradiation with Vg, in accumulation the p-MOSFET is in the off state and an electron accumulation
layer is present below the gate, Fig. 5.14. Thus no channel current flows, so the time and dose dependence
of fo /" cannot be measured. Fig. 5.13 (a) shows the Ids(nge) calibration curves together with the fits for

the different irradiations.
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Figure 5.13: (a) I, as a function of V,, in the linear region, and the results of the fits used to determine V,,

and ty of p-MOSFET for the different X-ray dose values, and (b) Effective oxide charge density, N;{ Fasa
function of X-ray dose of p-MOSFET irradiated with Ef;p4 |-

It is found that the values of V;; change from ~ —5 V to = —16 V due to the increase of positive oxide
charges. The slope of the I;;(V,a.) calibration curves is approximately constant with dose except for the last
case of 16.61 kGy. The deviation of the Ids(nge) curves from linearity for large negative V. values is due
to the decrease of the hole mobility with increasing |E f,-eld| at the Si-SiO; interface. In addition, Fig. 5.12
shows after every forward calibration, a decrease of I;; with time at the constant gate voltage Ve = Vi

The time constant is of the order of 30 minutes. A decrease of I;; corresponds to an increase of N;{ I

. For
Veate = Viny the p-MOSFET is in strong inversion: at the Si-SiO; interface a hole inversion layer has formed,
and the E ;.4 points T from the Si into the SiO,, Fig. 5.7. As a result, border traps are charged up positively.
As seen in Fig. 5.12, the value of I, 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;{ . For Veate > Vi, the p-MOSFET is in
accumulation: at the Si-SiO; interface an electron accumulation layer has formed, and the Ef;.4 points |

from the SiO; into the Si. As a result, border traps are discharged.

Table 5.3 presents for the individual irradiation steps the integrated dose values, the values of Vj,, applied

to the gate for the post-irradiation cycle, the values of V" applied to the gate during the irradiation cycle,
g p y acc PP g g Y

the electric field for the post-irradiation cycle in inversion, E]’Zf:l - the electric field for the pre- and post-
irradiation cycles in accumulation, E})lfl ;rr and E})fe;;m. The average electric field during the irradiation
in accumulation was E}Zl ;- The results for the effective oxide charge density and the hole mobility are
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Table 5.3: Irradiation conditions and extracted values of the surface radiation parameters as a function of
X-ray dose of the p-MOSFET <111> irradiated with E;p4 .

Dose Vier virr ER, i E% E fc’;fdm N:{ T oo ANopx, cn | ANox, giscn Ho Vi A
[Gy] V] V] kV/em] | [kV/em] | [kV/iem] | [kV/em] [em™2] [em~2] [em~2] [em2/(Vs)] V] [nm]
0 —190 | 7.0 —550 490 490 490 39.5-100 | 4.3.10™ 43100 258 —74 [ 0.79
10 —19.0 | 7.0 —540 490 500 500 41.7-109 | 3.9.10'0 4.5.10'0 261 -72 | 081
110 -200 | 7.0 —510 500 540 570 57.3-10'0 | 4.1-10'0 5.8-10'0 259 —71 | 0.83
610 —250 | 6.0 —520 530 520 520 96.7-10'% | 4.5.10'0 9.5-10'0 247 —77 | 0.76
1610 | —286 | 1.0 —630 510 460 410 105.0-10'° | 4.7.10'9 | 10.8-10'0 230 -96 | 0.61
6610 | —28.0 0 —590 500 510 530 108.0-10'° | 6.6-10'9 | 25.0-10'0 255 —61 | 0.96
16610 | —28.0 0 —480 510 570 640 131.9-10'° | 7.4.109 | 31.7-10'0 357 —23 | 249

presented. Fig. 5.13 (b) presents the values of N7 as a function of X-ray dose, N /s (D) in the eighth

ox,dose
column of Table 5.3. These values were determined at the end of each irradiation cycle. Before irradiation,

N ;{ {1 vsel0) =4.0- 10" em 2, which is in the range expected for Si with <111> orientation. For the maximum

dose of 16.61 kGy(SiO,), N/ (16.61 kGy) = 1.3-10'2 cm 2. From the values shown in the Table 5.3 as

ox,dose

well as from Fig. 5.13 (b), one sees the N e/t (D) shows an increase of ~ 60 % up to 1.61 kGy, however

ox,dose

after 610 Gy the dNV e/t (D)/dD decreases rapidly with dose. Probably the low V. bias 1.0, 0 and 0 V for

ox,dose

the last three irradiation steps, decreases the rate of positive oxide charge build-up at the Si-Si0O» interface.

Border traps and hole mobility Border traps communicate with the Si over a wide range of time scales.
The ninth column of Table 5.3 shows the X-ray dose dependence of AN, (D), the charging up of the
border traps during the three hours after irradiation, and the tenth column AN,y giscn (D), the discharging of
the border traps, when changing V. from inversion to accumulation, remaining 3 hours in accumulation and
then biasing back to inversion. A significant charging up and discharging of border traps, at the level of 6 —
24 % of Nf{ ! is observed. For the highest dose values, the biggest values of AN,y (D) and of ANy gisen(D)

Passivation Al

@ Mobile ionic charge (Q,) T

Oxide trapped charge (Q,) E ﬁeld 50,
‘l’ ‘l’ "_' Fixed oxide charge (Q)

¢ Border trapped chargdd(0,,,..,) J_

By B H O $

Interface trapped charge (Q,) ¢
e e ™ —— T e

Figure 5.14: Nomenclature of oxide charges, electron accumulation layer and Efq | direction during
irradiation.
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AN,y [em™4]

Figure 5.15: (a) AN, of charging and discharging of border traps, and (b) E;.;4 values during charging and
discharging of border traps as a function of the accumulated X-ray dose of p-MOSFET irradiated with E ;.14

are observed, shown Fig. 5.15 (a). The electric field during charging up, E]’Zf:l 4» and discharging,
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chosen ~ —500 kV/cm and ~ 500 kV/cm respectively, as shown in Fig. 5.15 (b).

post irr
L field

is

Furthermore, the Ids(nge) calibrations allow to determine the dependence of the hole mobility on V. for
different dose values. For the parametrization Eq. 5.2 is used. The results for to and Vy, for the reverse
calibration curves following the irradiations, are shown in Table 5.3 and in Fig. 5.16. For the non-irradiated

p-MOSFET, a hole mobility at E;.;q ~ 0 of po = 258 cm?/(V-s) is extracted, which is significantly smaller

Lo [cmz/V~s]

Figure 5.16: (a) Hole mobility, to, and (b) Vi, and A as a function of the accumulated X-ray dose of
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than the bulk mobility of ~ 450 cm?/(V-s), similar to the g of the p-MOSFET presented in the previous
section. The mobility fty stays approximately constant with increasing dose, however for the highest dose
increases in contrast to the previous case. The value of V; ; changes with dose from —74 V to about —23 V.
In Fig. 5.16 (b) is also presented the dose dependence of the surface roughness amplitude, A, which is defined
by Eq. 5.6.

5.1.5. The n-MOSFET irradiated with E;,;; pointing from the Si into the SiO»

Similar to the methodology presented in the previous sections, irradiations on a n-MOSFET with the Ef;.14
pointing T from the Si into the SiO;, have been performed. A circular n-MOSFET with the dimensions
presented above, has been used. The test structure biased in accumulation at a field in the SiO, of about 500
kV/cm during irradiation and irradiated by X-rays up to a dose of about 17 kGy(SiO;) 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 electron mobility at the Si-Si0O» interface determined.

Test structure For the present study, a circular n-MOSFET, fabricated by Hamamatsu on <100> p-type
Magnetic Czochralski (MCz) Si with a bulk doping of N; = 4.4 -10'? cm 3, has been used. Fig. 5.17 shows
a cross section and a top view of the n-MOSFET. The width over length ratio W /L =27 /1n(r2/r1) ~ 4.96,
where r1 = 99 pum is the inner and r, = 351 pm the outer radius of the FET channel, respectively. The
thermally grown SiO; has a thickness 7., =~ 700 nm. The n-MOSFET has been part of a test field processed

together with a number of different silicon sensors, Fig. 5.17.

Channel

@ (b)

Figure 5.17: (a) Measurement setup, and cross section and (b) top view of the n-MOSFET <100>.

Measurement and analysis procedures Fig. 5.18 shows the measurement cycle adopted for the study of
the X-ray dose and electric field dependence. On the top is shown, as a function of the measurement time, ¢,

the applied gate voltage Vyu. (1), and on the bottom, the measured drain-source /(7).
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Figure 5.18: Measurement cycle: the applied gate voltage, Vgu.( 1), is shown on the top, and the measured
drain-source current, I;;( 1), on the bottom of n-MOSFET irradiated at 5 kGy X-ray dose with E field T

In the pre-irradiation cycle, Vg is changed from accumulation to inversion, kept at inversion for 3 hours, and
then changed back to accumulation, V... After 3 hours at V., this sequence is repeated. Three sequences
are used, in order to check the reproducibility of the measurement results. In the irradiation cycle, Ve, is
biased to V7, left at this voltage for 3 hours, followed by the X-ray irradiation, after which Viare 18 changed
back to Vj,,. The irradiation cycle is followed by the post-irradiation cycle. The values of Vi, Ve for
the pre- and post-irradiation cycle are chosen so that the electric field in the oxide E}’}:l 4~ 500 kV/cm and
E ;’f:l;irr ~ —500 kV/cm respectively. The values of V.., V/"" are chosen properly so that the electric field in

acc
the oxide before £ ;;2 ;" and during the irradiation E]’lel g 18~ =500 kV/cm.

The n-MOSFET has been irradiated to a total ionizing dose of 16.61 kGy(SiOy) in steps of 10, 100, 500, 1k
and 5 kGy with a dose rate of 0.2 Gy/s, and a last step of 10 kGy with a dose rate of 0.3 Gy/s. During the
measurements and the storage, the n-MOSFET was kept at a temperature of about 23 °C. From the measured
Ids(nge) before and after X-ray irradiation, for which V,,,, was changed from V.. to V;,,, the values of Vy,,
Ho and V , are obtained using Eq. 5.1. From Vi, the effective oxide charge density, Oef /. is obtained by
Eq. 5.5 with (+) for p-bulk Si where ¢, = 0.1647 V has been used for the potential difference between the
midgap potential and the Fermi level in the Si, and ¢,,; = —0.7029 V for the Al-Si work function difference.

During the irradiation with V. in accumulation the n-MOSFET is in the off state. A hole accumulation
layer is present below the gate, Fig. 5.20, and no channel current flows, thus the time and dose dependence
of N;f " cannot be measured. Fig. 5.19 shows the Ids(nge) calibration curves together with the fits for the
different irradiations. It is found that the values of V}; change from ~ —2 V to ~ —38 V up to X-ray dose of
610 Gy, and then Vy;, increases, reaches ~ 1 V for the higher irradiation step. The observed decrease of the
slope of the I5(Vgare) curves from linearity for large |V,q.| values is attributed to the decrease of the electron

mobility with increasing E ;.4 at the Si-SiO; interface.

Next is presented the time dependence of the drain-source current, I;4(¢), which is shown in Fig. 5.18 for the
5 kGy irradiation. In the post-irradiation cycle after every forward calibration, /;; shows a small decrease

with time and afterwards starts to increase at the constant gate voltage V. = Vi, for 3 hours. An increase of
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Figure 5.19: (a) I;, as a function of Vg, in the linear region, and the results of the fit used to determine V,,

and ty of n-MOSFET for the different X-ray dose values, and (b) Effective oxide charge density, Oe{ T asa
function of X-ray dose of n-MOSFET irradiated with Ef;p5 1.

1 corresponds to a decrease of N;{ /. For Veate = Viny the n-MOSFET is in strong inversion: at the Si-SiO;
interface an electron inversion layer has formed, and the electric field Ef;.;q = (Vi — Vi) /1ox points | from
the SiO; into the Si. With this Ey;q direction, border traps discharge if they are charged up positively as
presented in the previous section or charged up with negative charge due to electron trapping. In both cases
the fo T decreases. The increase of the density of charged border traps is defined as AN, o, = f{ f (o +
3h)— elr (19), where 1o is the time at which V. = Vi was reached for the forward calibration. For
|Veate| < [Vin], the n-MOSFET is in accumulation: at the Si-SiO, interface a hole accumulation layer is
present, and the electric field points 1 from the Si into SiO3, Fig. 5.20. In this E;.q direction border traps
are charged up due to hole trapping or electron de-trapping. In both cases the N&7 increases. The decrease
of the density of charged border traps defined as AN,y gisen = N, ;{ ]} orw f{ ];ev. Table 5.4 presents for the
individual irradiation steps the integrated dose values, the values of Vj,, applied to the gate for the post-
irradiation cycle, the values of V”7 applied to the gate during the irradiation cycle, the electric field for

the post-irradiation cycle in inversion, E7, . the electric field for the pre- and post-irradiation cycles in

field’
. pre irr post irr
accumulation, E Field and E ield -

The average electric field during the irradiation in accumulation was E]’lel 4~ The results for the effective
oxide charge density and the electron mobility are presented. Fig. 5.19 (b) presents the values of N;f ! as
a function of X-ray dose, N;f {1 o5 D) in the eighth column of Table 5.4. These values were determined at

the end of each irradiation cycle. Before irradiation, N;{ ]; sel0) = 5.6+ 10'% cm 2, which is in the range
expected for Si with <100> orientation. The effective oxide charge increases up to 610 Gy and then start to
decreases up to 16.61 kGy. For the maximum dose of 16.61 kGy(SiO,) a negative effective oxide charge is

measured, N°// (16.61 kGy) = —10.2-10'° cm 2.

ox,dose
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Table 5.4: 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 ;.5 1.

Dose | Vi yirr ER, Efnd” Efn, | Eho” N:{ T e ANox, ch | ANox, dgisch Ho Vij A
[Gy] V] V] kV/em] | [kV/em] | [kV/em] | [kV/em] [em~2] [em~2] [em~2] [em?/(Vs)] V] [nm]
0 340 | —38.0 520 —510 —510 —510 5.6-100 —0.1-100 0.3-10™ 1148 56 1.94
10 340 | —38.0 550 —510 —500 —480 12.3-1010 0.3-1010 0 1083 66 1.66
110 20.0 | —40.0 540 —520 —520 —530 54.8-10'0 0.1-10'0 4.7-1010 974 77 1.42
610 —3.0 | —355.0 470 —530 —600 —680 109.1-10'% | —1.2.10'° | 17.0-10" 609 292 | 037
1610 18.0 | —76.0 560 —600 —590 —580 64.8-10'0 —0.4-10' | 13.8.10'0 550 321 | 0.34
6610 | 240 | —62.0 420 —600 —680 —750 15.6-1010 —2.5-10'0 8.7-10'0 477 696 | 0.16
16610 | 35.0 | —50.0 460 —640 —740 —830 —10.2-10'° | —0.5-10'0 8.7-10'0 426 2628 | 0.04

Border traps and electron mobility The ninth column of Table 5.4 shows the X-ray dose dependence of
AN,y cn(D), the charging up of the border traps during the three hours after irradiation, and the tenth column
ANOx’d,-SCh(D), the discharging of the border traps, when changing V.. from inversion to accumulation,
remaining 3 hours in accumulation and then biasing back to inversion. The values of AN, (D) are positive
and negative and the |[AN,, 4 (D)| < INE!7|. The negative values of AN . cn (D) correspond to discharging of
border traps or charging up with negative charge due to electron trapping, as the electric field points | from
the SiO into the Si. Similar the positive values of AN,y g4isen(D) correspond to discharging of border traps
due to hole de-trapping or charging due to electron trapping. As the electric field points 1" from the Si into
the SiO;, the electron trapping is possible to happen from the bulk SiO; to the Si-SiO; interface. The values
of ANy aiscn(D) are at the level of ~ 15% of the N;f ! The AN,y i (D), ANoy giscn(D) and the electric field
during charging, E}’Zl ;- and discharging, E ;;;;irr is chosen ~ 500 kV/cm and ~ —500 kV/cm respectively,
as shown in Fig. 5.21.

In addition, the Ids(nge) calibrations allow to determine the dependence of the electron mobility on V.
for different dose values. For the parametrization Eq. 5.2 is used. The results for tip and V; s, for the reverse

calibration curves following the irradiations, are shown in Table 5.4 and in Fig. 5.22. For the non-irradiated
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TENETTE ETTE TR
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Interface trapped charge (Q,) ¢
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Figure 5.20: Nomenclature of oxide charges, hole accumulation layer and E ;.4 T direction during irradia-
tion.
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Figure 5.21: (a) AN, of charging and discharging of border traps, and (b) E;.;; values during charging and
discharging of border traps as a function of the accumulated X-ray dose of n-MOSFET irradiated with E ;.14

1)

n-MOSFET, is extracted an electron mobility at Eyq = 0 of to = 1148 cm?/(V-s), which is significantly
smaller than the bulk electron mobility of = 1450 cm?/(V-s). As expected fig decreases with increasing dose.
The value of Vy /5 changes with dose from 56 V to about 2628 V. In Fig. 5.22 (b) is also presented the dose
dependence of the surface roughness amplitude, A, which is defined by Eq. 5.6 with the weighting factor n

equal to 1/2 for electrons.
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Figure 5.22: (a) Electron mobility, to, and (b) V;,, and A as a function of the accumulated X-ray dose of
n-MOSFET irradiated with Eg;p14 1.
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5.1.6. The n-MOSFET irradiated with E;,;; pointing from the SiO; into the Si

Similar to the methodology presented for the previous three cases, irradiations on a n-MOSFET with E .14
pointing | from the SiO; into the Si, have been performed. A circular n-MOSFET with the same dimensions
as in Fig. 5.17, fabricated by Hamamatsu on <100> p-type Magnetic Czochralski (MCz) Si with the same
process and bulk doping of N; = 4.4-10' cm 3, has been used. The test structure biased in inversion at a
field in the SiO, of about 500 kV/cm in the beginning of the irradiation and irradiated by X-rays to a dose
of about 6.61 kGy(Si0O») 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 electron

mobility at the Si-SiO; interface determined.

Measurement and analysis procedures Fig. 5.23 shows the measurement cycle adopted for the study of
the X-ray dose and electric field dependence of surface radiation damage. On the top is shown, as a function
of the measurement time, ¢, the applied gate voltage Vg (?), and on the bottom, the measured drain-source

current I;,(1).
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Figure 5.23: Measurement cycle: the applied gate voltage, Veu.(?), is shown on the top, and the measured
drain-source current, I;;( ), on the bottom of n-MOSFET irradiated at 80 Gy X-ray dose with E Field -

In the pre-irradiation cycle, Vg4 is changed from V.. to Vj,, kept at Vj,, for 3 hours, and then changed
back to V... After 3 hours V.., this sequence is repeated. Two sequences are used, in order to check the
reproducibility of the measurement results. In the irradiation cycle, Vi, is again changed to Vj,,, left at
this voltage for 3 hours, followed by the X-ray irradiation and another 6 hours at V;,,, after which V., is
changed back to V... The irradiation cycle is followed by the post-irradiation cycle. The value of V;,, for the
pre-irradiation and the irradiation cycle is chosen so that the electric field in the oxide E ;l.r:l;rr ~ 500 kV/cm.
The build-up of positive charges during the irradiation, results in a change of V;;, and thus of Ef;q. In
order to apply approximately the same Ef;.;; value in the post-irradiation cycle, Vj,, is changed and the
corresponding electric field is called E ;f:l;irr. The n-MOSFET has been irradiated to a total ionizing dose
of 6.61 kGy(Si0O;) in steps of 10, 10, 10, 80, 80, 420, 100, 290, 250 Gy and 5.36 kGy with a dose rate

of 0.2 Gy/s. During the measurements and the storage, the n-MOSFET was kept at a temperature of about
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23 °C. For the measured Ids(nge) before and after X-ray irradiation, for which Vg, was changed from V..
to Vi, the values of Vy;, g and V; 2 of the forward calibration are obtained using Eq. 5.1, and the reverse
calibration when changing Ve from Vi, to Vyee. Using Eq. 5.5 with (+) for p-bulk Si, N ;{ ]} o and N;f ];ev

is calculated from the V,, values. In order to determine N5/ (1), similar to the p-MOSFET described in the

previous section when Vyu, = Vi, Eq. 5.1 is inverted to calculate V;; () from the measured I45(1), Eq. 5.7.

For the part before irradiation the extracted parameters [,Lg " and Vf/rze

measured in the reverse direction have been used. For the part after irradiation the extracted parameters

from the Z5(Vyuse) calibration curve

pg" and VIP/OZ” from the calibration curve measured in the reverse direction have been used. For the part
during irradiation, the linear interpolation of the V;; change of the regions before and after irradiation has
been assumed, in order to describe Vi, (7). In this way N.// (1) is measured also during the irradiation, as the
electron mobility changes. Fig. 5.24 (a) shows the I5(Vgar) calibration curves together with the fits for the

different irradiations.
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Figure 5.24: (a) I;, as a function of Vg, in the linear region, and the results of the fit used to determine V;,

and ty of n-MOSFET for the different X-ray dose values, and (b) Effective oxide charge density, N;{ T asa
function of X-ray dose of n-MOSFET irradiated with Ef;p5 |-

It is found that the values of V;;, change from ~ —2 V to = —100.0 V due to the increase of positive oxide
charges. The observed decrease of the slope of the Ids(nge) curves with dose is the result of the reduction
of the electron mobility. The deviation of the I5(Veare) curves from linearity for large |Vou.| values is due to
the decrease of the electron mobility with increasing Ef;.;q at the Si-SiO; interface. However as it is shown
in Fig. 5.24 (a) the threshold voltage after two irradiation steps 420 Gy and 250 Gy shifts to the positive
direction. This corresponds to a decrease of the NE7 asitis shown in Fig. 5.24 (b). The measurement cycle
for these two steps is shown in Fig. 5.25. According to Refs. [100,101,135,136] when the bias voltage during
irradiation is changed from positive to negative, the direction of electron and hole processes are reversed.
Holes move to the metal gate, or are trapped so close to the gate that cause a negligible V};, shift and electrons
move toward the Si-SiO; interface. If an electron encounters a hole trapped near the Si-Si0O, interface, the

electron may become trapped nearby and neutralize the charge of the hole, or recombine with the trapped
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Figure 5.25: Measurement cycle: the applied gate voltage, Vg (1), is shown on the top, and the measured
drain-source current, Iz (1), on the bottom of n-MOSFET irradiated at 420 Gy and 250 Gy X-ray dose with
negative Vygz,.

hole, reducing the fo ! in either case. In particular as presented in Table 5.5 for the 80 Gy irradiation step
between 110 Gy and 190 Gy total dose, the gate voltage in inversion during irradiation, V7", was ramped
from 21 V to 6 V and the fof increased from ~ 6.8- 10" cm ™2 to ~ 8.8- 10! cm 2.

As expected and shown in Fig. 5.26 (a) for positive V., the electric field in the oxide, Eyx = Veure /tox, and
the electric field at the interface Efieiqg = (Voate — Vin)/tox are pointing | from the SiO to the Si.

(a) Radiation
Gate

/
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B [+ +++++++++ -ttt bbb+
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(b) Radiation
Gate /
V4
Ee | | Oxide ;
Euy|+ + + + + 4

Figure 5.26: Electric field direction in the oxide, E,,, and at the interface, Ef;.4, for positive (a) and (b)
negative gate voltage Vyq,.
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Holes move to the interface and get trapped so the N7 increases. For the next irradiation step of 420 Gy the
V" was ramped from 15 V to —16 V and as shown in Fig. 5.26 (b), the E,, points 1 from the Si to the SiO,
and the Ef;.q points | from the SiO; to the Si. In this situation, the radiation-induced electrons move to the
interface, where they are trapped causing a decrease of N7 from ~ 8.8-10" em 2 to ~ 2.1- 10" ecm 2.
The measurement of the N5/ (1) during irradiation was possible at the starting point of the irradiation, after
some time the n-MOSFET passed from "on" to "off" state, and the current flow below the gate stopped, due
to the transition from inversion to accumulation. Also the charge neutralization effect observed when the gate
voltage during irradiation V/'", was constant at —6 V, for the irradiation step of 250 Gy after 1 kGy total dose.
As shown in Fig. 5.24 (b) and Table 5.5 the fof decreased from ~ 13.7- 10" cm 2 to ~ 4.4- 10" ecm 2. For
this case, the irradiation stopped before the n-MOSFET change state and the measurements of the N;f f (1)

and E;e14(t) are shown in Fig. 5.27 with red color.
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Figure 5.27: (a) Effective oxide charge density, Oe{ ! (1) and (b) Electric field E fieta as a function of time for

the individual irradiation cycles of n-MOSFET irradiated with Ef;p4 |-

The electric field at the interface decreased from E}’;;rr = 560 kV/cm to E;)ioe;yrr =~ 140 kV/cm due to

the decrease of the Nf{ f. Table 5.5 presents for the individual irradiation steps, the values of Vg, in ac-

cumulation Ve, of V"™ applied to the gate for the pre-irradiation and irradiation cycle, the electric field

in accumulation £, the electric field for the pre- and post-irradiation cycles, E}),Z " and E ;;;tdirr, the
average electric field during the irradiation, E}Zl 4» and the results for the effective oxide charge density

and the electron mobility. Fig. 5.27 (a) shows for the individual irradiation steps N;{ ! (1) during the ir-
Nef 7

radiation cycles, and the eighth column of Table 5.5 the values of N 7%,

(D), the effective oxide charge

density determined at the end of each irradiation cycle. Before irradiation, N;{ ]; vsel0) = 5.6- 1019 cm 2,

which is in the range expected for Si with <100> orientation. For the maximum dose of 6.61 kGy(SiOy),
N (6.61 kGy) = 3.1-10'? cm 2. From the values shown in the Table 5.5 as well as from Fig. 5.27 (a),

ox,dose

one sees that the derivative dN//, (D)/dD decreases with dose. Fig. 5.27 (b) shows E fietd (1) during the

ox,dose
irradiation cycles for the individual steps. The irradiations performed with constant and ramping V.., at

the V" values of the third column of Table 5.5. So the E fiela Was increasing during irradiation due to the

my
. e
increase of Nw{ !
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X-ray dose of the n-MOSFET <100> irradiated with Ef;e14 .
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Figure 5.28: Nomenclature of oxide charges, electron inversion layer and Ef;4 | direction during irradia-
tion.

The irradiation with field pointing | from the SiO; into the Si and positive V., Fig. 5.28, maximizes the
build-up of positive charges in the oxide. The ninth column of Table 5.5 shows the dose dependence of
AN,y reb (D), the decreasing of N;f T after the irradiation due to the recovery-"rebound"” effect at constant
bias after irradiation of the n-MOSFET. The AN, ., as a function of time for the individual irradiation steps

is presented in Fig. 5.29 (a). The AN, ,.;(?) was measured for 6 hours except the first step of 10 Gy, where
it was measured for 3 hours.
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Figure 5.29: (a) AN, r; as a function of time after the individual irradiation steps, and (b) AN,, ,., and
Efic14 as a function of the accumulated X-ray dose of n-MOSFET irradiated with E ;¢4 |.

In Fig. 5.29 (b) is presented the AN, ,.; and E;ioe;yrr as a function of the accumulated X-ray dose. As

mentioned above the dose rate during irradiation was 0.2 Gy/s(SiO;) and between the irradiation steps the

n-MOSFET biased for many hours in inversion or in accumulation. It can be seen that time dependent
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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,

d Viad d Viec
— <
dt — dt

(5.9)

where dV,,4/dt is the rate that the radiation produces negative voltage shifts and dV,../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/ 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 E,, points 1, 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 AN,y cn(D), the charging up of border traps during the three hours after irradiation, and the eleventh
column AN, 4iscn (D), the discharging of the border traps, when changing Veare from inversion to accumula-
tion, remaining 3 hours in accumulation and then biasing back to inversion. The values of AN, (D) and
AN,y gisch(D) are positive for low doses and negative for the highest doses. The absolute values are quite
small compared to NET. Positive values of AN,y cn(D) and AN,y gisen(D) correspond to an increase and a
decrease of the N2/ after 3 hours biasing in inversion and accumulation respectively. The negative values of
AN,y cn(D) correspond to charging up of border traps with negative charge due to electron trapping in Si, as
the electric field points | from the SiO; into the Si. Similar the negative values of AN, gisci (D) correspond
to charging of border traps with positive charge due to hole trapping or electron de-trapping, as the electric
field points 1 from the Si into the SiO,. The AN,y o4 (D), AN,y giscn(D) and the electric field during charging,

ER", and discharging, E4CS,, are shown in Fig. 5.30.

Also the Iy5(Vgqe) calibrations allow to determine the dependence of the electron mobility on V., for
different dose values. For the parametrization, Eq. 5.2, is used. The results for ty and V), 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 Ef;.;q = 0 of pyg = 1147 cm?/(V-s), which is significantly

93



5. X-ray dose and Efy;.1q dependence of N;f f

11
2040 . : : : 2000 ¢ ! : : ! !
le=@ p-SiE | ch <100> ¢, =700 nm . . . . . .
1.5 @ @ p-SiE L disch <100> 15 =700nm [ ... i 1500 |-
tofdobdod b 000
& 05f b N S S
‘E N N . . . ~Z
g z of
8 3 :
3 S 500k
—1000 |;
sl 1500 |[e=e FEE TR o
! ! ! H H H o= ® p-SiE | disch <100> 7,x = 700 nm
_2oli I I ] ] ] —2000 U T I I I I
10-1 10° 10! 102 10° 10" 10° 10-' 10° 10! 102 10° 100 10°
Dose [Gy] Dose [GY]
(a) (b)

Figure 5.30: (a) AN, of charging and discharging of border traps, and (b) E;.;; values during charging and
discharging of border traps as a function of the accumulated X-ray dose of n-MOSFET irradiated with E ;.14
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Figure 5.31: (a) Electron mobility, Lo, and (b) V|, and A as a function of the accumulated X-ray dose of
n-MOSFET irradiated with Eg;p14 |-
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Figure 5.32: (a) AN, of charging and discharging of border traps, and (b) E;.;; values during charging and
discharging of border traps as a function of the accumulated X-ray dose of n- and p-Si irradiated with E ;g
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smaller than the bulk electron mobility of ~ 1450 cm?/(V-s). As expected Ll decreases with increasing
dose. The value of V;, increases with dose from 57 V to 670 V. In Fig. 5.31 (b) is also presented the dose
dependence of the surface roughness amplitude, A, which is defined by Eq. 5.6 with the weighting factor n

equal to 1/2 for electrons.

5.1.7. Comparison

A designer of silicon sensors could employ the above method to simulate MOS response in real time using
detailed experimental data. As presented above at fixed dose rate estimates of N;f 7, charging and discharging
of border traps can be obtained, Figs. 5.32, 5.33, and mobility at the Si-SiO; interface as a function of E ;4
and X-ray dose, Figs. 5.34, 5.35.

These results can be used in device models (e.g TCAD) to simulate the effects of ionizing radiation on the
response of silicon sensors. Firstly simulations should predict the effects of irradiations with Ef;.;s T and |
in measured data of p- and n-MOSFETs. When the parameters used in simulations of the MOSFETs predict
the data at the worst-case scenario, then the same parameters can be used to optimize the surface of silicon

SENSOors.

Discussion on the surface mobility results The mobility degradation at the interface, Figs. 5.34 (a), 5.35
(a) often can be related simply to interface trap build-up in MOSFETs [85, 129, 138, 139]. Also it has been
studied that fixed oxide charge can affect the mobility [140-144]. McLean and Boesch have developed
a simple scattering model which shows that the effects of fixed oxide charge on the mobility decrease as
the interface traps are annihilated or compensated by tunneling electrons [142]. They have suggested that
at longer irradiation times, interface trap effects on the mobility should dominate over fixed oxide charge

effects. However, even at very long irradiation times, Zupac et al. [140, 141] have shown that two terms
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Figure 5.33: (a) AN, of charging and discharging of border traps, and (b) E;.;; values during charging and
discharging of border traps as a function of the accumulated X-ray dose of n- and p-Si irradiated with E ;g

B

describe the mobility degradation for MOSFET’s: one related to interface traps and the second to fixed
oxide charge. In particular Eq. 5.10,

_ Ho
1 4 aisANit 4+ apxAN o«

U (5.10)
where pt and [y are the post- and pre-irradiation mobilities, and oy, and o, are constants related to effects
of interface traps and oxide charge. According to Fleetwood et al. [129] border trap effects have not been

included in Eq. 5.10. For p-MOSFETs border traps may be neutral or positively charged at inversion and
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Figure 5.34: (a) Electron and hole mobility, o, and (b) V} ,» as a function of the accumulated X-ray dose of
n- and p-MOSFET irradiated with Ef;.14 1.

96



5. X-ray dose and Ejyip1q dependence of N;f f

T B e
—e o <100> L
B8 h-<111>

1000 |

00 N

: : : : : = :
600 [orvmecbencncond R = 10°¢
: =

o [em? [V 5]

400 ;

200
ol ; i i i 1ot ki i i i i i
10-1 10 10" 102 10° 10* 10° 101 10° 10! 102 10° 10* 10°
Dose [Gy] Dose [Gy]
(@) (b)

Figure 5.35: (a) Electron and hole mobility, to, and (b) V; s, as a function of the accumulated X-ray dose of
n- and p-MOSFET irradiated with Ef;.14 |-

for n-MOSFETs may be neutral or negatively charged. Border traps may affect n- and p-MOSFETSs under
different way depending on the charge states in the two types of devices. Scattering by surface roughness
due to the deviation of the interface from an ideal plane has been suggested as a possible mechanism to ac-
count for the mobility drop at high surface fields. As the surface field increases the carrier concentration in
the inversion layer also increases, and the average distance of carriers from the Si-SiO; interface decreases
as the inversion carriers are drawn closer to the surface. The mobility decrease at high field could possibly
be due to the scattering of carriers by the fluctuating potential [145-148] resulting from the random distri-
bution of surface charges [49]. However the mean free path of carriers and the average charge separation
suggest that the fluctuating potential due to a random charge distribution cannot be the dominant mechanism
responsible for the mobility decrease at high field. The surface scattering mechanism associated with the
surface inhomogeneities of the Si-SiO; interface. The crystal structures and the energy band pictures of
Si and SiO; differ, so it is not unlikely that the interface between them differs from an ideal plane. The
extent of this deviation will definitely depend on the oxide structure, which in turn, is determined by both
the growth conditions and subsequent annealing treatments. The physical origin of this scattering process
is very simple. At any distance in the silicon from the Si-SiO; interface, a charge carrier will experience
a unique electric potential as a result of the applied voltage on the gate electrode. However, as the carrier
moves along this plane, the electric potential is not necessarily the same as before, because the interface
is not perfect. The distance of the carrier from the oxide is no longer a constant and the electric potential
being a unique function of this distance, will fluctuate accordingly. A very small deviation from an ideal
plane in the Si-SiO; interface (in the scale of a few atomic layers) is already sufficient to result in significant
scattering which causes the mobility to drop because charge carriers are drifting within a very short distance,
of the order of 50 A, from the surface. This distance is approximately the surface roughness amplitude, A,
which is calculated above for p- and n-MOSFETs. As the surface field increases, carriers are drawn closer
to the surface, consequently the fluctuating potential becomes much stronger. The relaxation time due to this
mechanism then dominates over that due to Coulomb scattering. The mobility values at high field depend on

sample preparation and become independent of the oxide charge. Nevertheless, as presented above the dose
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dependence of V;, and A indicates that the surface field is influenced by the increase of the oxide charge
and interface traps. Scattering by surface roughness will always be present in any surface channel or layer,
because of the misfit of the lattice spacings between Si and SiO, and the presence of interface stress due to
the difference in thermal expansion coefficient, therefore always the interface is expected to deviate slightly

from a perfect plane.

Discussion on the border traps results In the literature a revised nomenclature for defects in MOS de-
vices has been developed that clearly distinguishes the terms used to describe the physical location of defects
from that used to describe their electrical response. According to this nomenclature, oxide traps are defects
in the SiO, layer of the MOS structure, and interface traps are defects at the Si-SiO, interface. Electrically,
"fixed states” are defined as trap levels that do not communicate with the Si on the time scale of the measure-
ments, but "switching states" can exchange charge with the Si. Fixed states are considered as oxide traps,
but switching states can either be interface traps or near interfacial oxide traps that can communicate with
the Si, defined as "border traps" [132]. The effective density of border traps depends on the time scale and
bias conditions of the measurements. Border trap densities of the order of 10'® —10!! cm~2 as presented
above, are inferred from changes in switching state density during post-irradiation biasing. Trapped-hole,
trapped-electron and switching state densities are inferred via Thermally Stimulated Current TSC [149-151],

Capacitance-Voltage C-V [152-156] and Current-Voltage I-V measurements.

@ Gate Oxide Si
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Gate Oxide Si

Figure 5.36: Diagram that illustrates a revised defect nomenclature for MOS devices which distinguishes
terms used to describe (a) the physical location of defects (b) from their electrical response. Figures adapted
from [132].

In particular border traps can act either as bulk oxide traps or interface states as shown in Fig. 5.36 (a). The
line between a border trap and an oxide trap is determined by the proximity of the defect to the Si-SiO,
interface and the energy of the trap. A clear separation between the electrical response and the physical
structure and location of defects in the Si-SiO; system is not always successful. For example, the interface
states in one study may be P, defects located at the Si-SiO; interface (interface traps), but in another study
they may be E’ centers [96, 157, 158] located in the oxide within 0.2-3 nm of the Si-SiO; interface (border

traps). Based only on electrical data, it is often not possible to distinguish one type of physical defect from
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another. In Fig. 5.36 (b) are defined as "fixed states" those defects that do not exchange charge with the Si
on the time scale of the measurements, and "switching states” those defects that do exchange charge with
the Si. Border traps are those near interfacial oxide traps that function electrically as switching states on the
time scale of the measurements. The number of oxide traps that function as switching states can be a strong
function of the time scale and bias conditions of the measurements. Three types of centers consistent with

the properties of border traps were identified in the literature, Fig. 5.37 (a).
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Figure 5.37: (a) Three possible physical pictures of border traps in irradiated MOS devices: a donor-like

trap (type 1), a deep donor-like trap (type 2), and an amphoteric border trap (type 3), (b) Illustration of

communication rates with the underlying Si for bulk oxide traps, border traps, and interface traps. Figures
adapted from [132].

Types (1) and (2) are donor-like centers associated with trapped positive charge in the oxide which can
exchange an electron with the Si. This sort of defect structure has been inferred from annealing and TSC
measurements of MOS devices. In a type (1) donor trap, the electron is pictured at a metastable side (asso-
ciated with the trapped hole) in the transitional region of the oxide, SiO,, which may not be stoichiometric
Si0,. Such a site is consistent with the observation that trapped electrons are not present in significant den-
sities in irradiated Si0O» in the absence of trapped holes, but can be present in large densities when holes are
trapped in the SiO;. Type (2) is a deeper donor-like trap in the bulk of the SiO; layer, and the electron may
even be trapped at the physical defect site, for example the E’ center as the trapped hole [159]. The type
(1) trap, where the electron is closer to the Si-SiO, interface, probably has a lower barrier to the electron
injection and can communicate more rapidly with the Si than type (2). As result type (1) appears to be a
more likely candidate for a border trap in irradiated MOS devices. Type (2) may play an important role
in the long-term "reversibility” of trapped positive charge neutralization in MOS devices. Type (1) and (2)
may be similar to the (donor-like) "anomalous positive charge” observed in studies of oxides exposed to
high field stress. Type (3) is a different type of defect, in which both the associated hole and electron may
be exchanged with the Si, depending on the bias conditions at the Si-SiO, interface. Fig. 5.37 (b) presents
the ranges of communication times of bulk oxide traps, border traps, and interface traps with the underlying
Si. Threshold voltage measurements as described above, are performed at an effective frequency of ~ 1 Hz,

traps which exchange charge with the underlying Si on time scales less than ~ 1 s will function electrically
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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 ~ 1079 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 SiO, 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 SiO; 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-SiO; interface, during
irradiation. For the p-MOSFET the effective oxide charge density increases to 2.0-10'? and 1.3-10'? cm 2
after a dose of 16.61 kGy for the electric field pointing into the SiO, and into the Si, respectively. For

the latter case, a value of 10'2 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 SiO, which can influence the electric field in a sensor and

finally the breakdown voltage.
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6. Subthreshold current technique

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 SiO, 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,
AN, and 2) radiation-induced interface traps AN;;. Ionization induced effects on transistors are the result of
electron-hole pair generation and recombination in SiO,, hole transport and trapping, interface trap forma-
tion mechanisms, the chemical structure of the hole trap and interface trap, the energy distribution density D;
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 AN,, and AN;; 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 AN,, and the energy dependence of AN; 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 AN, and of AN;,, 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 MOSFETsS 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 AV,, and
AV}, determination. The subthreshold drain-source current /;, at a fixed drain to source voltage, V, is mea-

sured as a function of gate voltage Vyu.. In an ideal device, the I;; and V. are related by Iy, o< exp(Vgate).
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When I is plotted as a function of V. in log scale, the straight I-V characteristic can be extrapolated to a

calculated midgap current, Fig. 6.1.
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Figure 6.1: (a) Subthreshold-current curves for an n-MOSFET before and after °°Co irradiation. Thresh-
old and midgap currents are marked on each curve. (b) Energy band diagram of an n-MOSFET in strong
inversion showing charged acceptor traps. Figures adapted from [102].

Comparing the pre- and post-irradiation characteristics, the midgap voltage shift, AV,,,, as well as the change
in subthreshold swing (inverse slope), AS can be determined. The value of AV,,, corresponds to AV, and AS

is proportional to AVj.

6.2. MOSFET subthreshold theory

MOSFET subthreshold theory refers to the electrical characteristics of the transistor in weak inversion. In
weak inversion, the current in the channel is dominated by diffusion of minority carriers. This differs from
the strong inversion channel current which is dominated by electric field assisted majority carrier transport.
The subthreshold current is used to determine the shift in threshold voltage due to trapped charges, AV,,, and
AVj. The accuracy of this calculation is dependent on whether assumptions used to develop the subthreshold
charge separation technique are violated. In this section, the MOSFET subthreshold theory is presented. In
the next sections, the validity of the assumptions are checked in order to determine their influence on the

subthreshold charge separation results.

6.2.1. Theoretical MOSFET weak inversion channel current
In a MOSEFET, the subthreshold channel current, I, is given by

LAYRIRCAS

LNy  2p?

Igs = u( P (B —1)12 (6.1)
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where U is the effective channel carrier mobility, N, the interface doping, »; the intrinsic doping concentra-
tion, W the channel width, L the channel length, B = ¢o/kT, ¢ the surface potential, @ = \@(83,- /Lp)/Coxs
&s; the silicon dielectric constant, Lp the Debye length, and drain voltage is a few kT /qo. 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
dV ate
Ty,

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

to the surface potential so that the can be calculated. This derivative gives the gate voltage swing

dﬁ nge dB ¢s

S=B"1In10
B0, dinty,

(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]

BVeare = Bos+a(Bo,—1)'/2 (6.3)

Using Eqgs. 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

Caep
S=B'In10—— S (6.4)

Cae
&

where Cy,), 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, AV,, and
interface traps AVj; using the subthreshold technique. The two methods depend on whether AV, or AV is
directly calculated from the subthreshold curve and are referred to as, 1) Midgap voltage method and 2)
Subthreshold swing method.

Threshold voltage V;,: The parameter most often used to characterize the radiation hardness of a MOS-
FET is the threshold voltage V;;. AV, is given by

103



6. Subthreshold current technique

AVth:th;lOSt_th;lre (65)

where V" the pre-irradiation and V/*" the post-irradiation threshold voltage.

Midgap voltage method

The midgap voltage method of the subthreshold charge separation technique is based on two quantities:
1) The radiation-induced voltage shift from the oxide charge, AV,,, determined by the change in midgap
voltage, AV,,,, and 2) The radiation-induced voltage shift from interface states, AV, using AV,,, and the
change in the threshold voltage, AVy;,. The value of AV, is obtained from AV, assuming the following

relation

ANy
AV = AVpg = q"c 0 (6.6)
ox

and AN,y is the radiation-induced oxide charge density. Eq. 6.6 is based on the assumptions that the oxide
charge density is a uniform sheet charge at the interface and the net charge of the interface traps at midgap

is zero [96].
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Figure 6.2: Typical n-MOSFET of I, as a function of Vg, in log scale showing the extrapolation to the
calculated midgap current.

In the application of the subthreshold charge separation technique, the radiation-induced interface traps are
assumed to be primarily acceptors in the upper half of the bandgap and donors in the lower half. Near
midgap, the net charge of the interface states is approximately zero. If the net charge of the interface traps
at midgap is zero, then the change in midgap voltage is a result of the net oxide trapped charge which is

assumed to be holes. The midgap voltage usually cannot be measured directly because the channel current
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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, /s, versus the
gate voltage, Vgqre, in the subthreshold region. The channel current in subthreshold (weak inversion) is given
in Eq. 6.1. The channel current at midgap, /,,¢, can be found by substituting the midgap value of surface
potential, ¢, into Eq. 6.1. The midgap voltage, V,,¢ is the gate voltage at I, found by extrapolating the

measured subthreshold characteristic. In Fig. 6.2 is presented the I, as a function of Vg, in log scale.

Os = p = kT1n<Nd> (6.7)

q0 n;

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, AV, is a result of the voltage shift due to trapped oxide charge, AV,,, and
the voltage shift due to the charged interface states, AVj,. In n-channel devices, the value of AV} is positive
due to the predominance of acceptors, and in p-channel devices, AV}, is negative due to the predominance of

donors. Using the midgap voltage method, the value of AV}, is found from Eq. 6.8

AViy = AV, — AV, (6.8)
and AN;; can be found from Eq. 6.9

_ CoxAVit
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, AV;, using the change in subthreshold swing, AS, and
2) The radiation-induced shift from oxide charge, AV,,, using AV}, and the change in threshold voltage, AV},.

Assuming o >> Cye /Cox, the pre-irradiation subthreshold swing SP" can be written as

kT Cuey)

S§P = —1In10(1 + (6.10)
q0 ( Cox
and the post-irradiation subthreshold swing, SP, is defined by equation,
. kT C G
Spost — —1n10(1+d€p7+t) (6.11)
q0 Cox
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The difference between the pre- and post-irradiation subthreshold swings, AS, is

AS = SPost _ §Pre — k—TlnlO&
q0 ox

(6.12)

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

Ci, causes the voltage shift, AV;,, which is equivalent to

G

AV =
"=

()3 (6.13)

Using Eq. 6.12 and 6.13, the value of AV, is obtained from AS where

0P
AV, = Tl 1OAS (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) o0 >> Cyep/Cox and &€ >> (Cyep + Cit) /Cox. The assumption that & >> (Cyep + Cit) /Cox is a fairly
stringent restraint. As the number of interface traps increases, C;, 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, AV,,, is calculated using the shift in
threshold or inversion voltage from the

AVox = AVth - AVit (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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6.3.1. Mobility

Mobility is an important parameter in equation. Two mobility regions can be defined in a MOSFET, 1) the
mobility which occurs in strong inversion and 2) the mobility in weak inversion or subthreshold. The strong
inversion mobility is greatly affected by the surface of the Si-SiO; interface. In the inversion region, the
vertical electric field is much greater than the transverse electric field. This pulls the carriers to the interface,
lowering the mobility due to the roughness of the Si-SiO interface. The rougher the interface the lower
the mobility. In the subthreshold region, the transverse electric field is smaller, and the interface roughness
has less effect on the mobility. Thus, as the surface potential is lowered from strong to weak inversion, the
interface roughness has less effect and the mobility increases. The mobility in Eq. 6.1 is the weak inversion
mobility and can be substantially different than the strong inversion mobility. The bulk mobility in silicon is
a function of total impurity concentration (the number of charged impurity atoms). When both n- and p-type
impurities exist in silicon, acceptors receive electrons from the donors and all impurity atoms are charged.
Thus, in theory, the weak inversion mobility can be no larger than the bulk mobility. The value of mobility
affect the midgap current and hence the determination of the midgap voltage. The channel mobility as a
function of surface potential has been studied. Measurements of mobility have not been done for surface
potentials much below inversion. The effect of surface potential and radiation-induced oxide charge and
interface traps on channel mobility has been suggested [165]. Fig. 6.3 (a) shows a possible scenario for a

typical unirradiated device.
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Figure 6.3: (a) Effect of increasing mobility near midgap on the extrapolation of the subthreshold curve, (b)
Possible effect of oxide charges and interface traps on mobility for an irradiated MOSFET. Figures adapted
from [161].

Little change is expected to occur in the subthreshold region. It has been generally accepted that ionizing
radiation induces interface traps and trapped oxide charge within 5 nm of the surface degrade mobility. Inter-
face traps act as charged scattering centers and degrade the mobility similar to impurity doping. Nonunifor-
mity of interface traps and trapped charge can create further degradation in the mobility by causing minority
carrier fluctuations, which have a large effect near inversion. For low trapped charge densities, the mobility
is expected to decrease with surface potential above inversion Fig. 6.3 (a), but for high trapped charge den-

sities, it can increase with surface potential because of the decreasing effect of minority carrier fluctuations.
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Fig. 6.3 (b) shows possible effects of the radiation-induced trapped charges. The curves of interest are the
ones which show mobility increasing as the surface potential approaches midgap. The hypothesis for this
occurrence relies on the assumption that most interface states have neutral charge at midgap. This implies
the post-irradiation mobility near midgap should increase toward the pre-irradiation condition. Since studies
have shown post-irradiation mobility is reduced in the subthreshold, the subsequent increase seems possible,
due to the decrease in charged interface traps. The question is how rapidly does the mobility increase as the
surface potential approaches midgap. The increase in mobility near inversion is caused by a decreased effect
from minority fluctuations. If the mobility follows curve 3 in Fig. 6.3 (b), the effect on the subthreshold
swing would be noticeable. At some point on the subthreshold curve, as the surface potential approaches
midgap, the swing would increase. This could cause a second swing or increasing swing condition as shown
in Fig. 6.4. The lower portion of the curve has a larger voltage swing per decade. In this case, it would
be caused by a changing mobility and not additional by interface states in the bandgap. Extrapolation of
measured data to find the midgap voltage requires judgement. The subthreshold curve will not continue at
the larger swing, when the mobility is near the maximum value. Extrapolating from the top or bottom of
the curve may not yield the correct midgap voltage. An example is given in Fig. 6.5 (a) for the effect of
the increasing mobility as shown in Fig. 6.3 (b) on the subthreshold curve. To analyze this data using the
subthreshold technique, one must decide from which part of the curve to do the linear extrapolation. Since
the subthreshold technique assumes that the mobility is constant and uses Eq. 6.1, the first swing should be
used. This will give the voltage shifts caused by the positive trapped oxide charge. If the second swing is
used, the technique will give the voltage shifts caused by the number of interface traps and trapped oxide

charge to produce the combined trapped charge and mobility effect on the subthreshold swing.
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Figure 6.4: Effect of varying mobility on the MOSFET subthreshold curve.

Assuming a nonuniform mobility, the choice of which part of the curve to use in Fig. 6.5 (b) to extrapolate
depends on the purpose of the analysis. To find the correct number of trapped holes and interface states in

the gate oxide, the top part of the curve is used.
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Figure 6.5: (a) Effect of an increasing mobility near midgap on the extrapolation of the subthreshold curve,
(b) Voltage shifts determined from the second slope are identical to the dashed line from midgap to inversion.

6.3.2. Doping

Processing methods can be used to produce a nonuniform doping in the MOSFET channel regions. For
MOSFETs produced on the same wafer with silicon sensors, vertical nonuniform doping occurs in case of
p-spray implant isolation. This implant can increase the subthreshold swing depending on the depth of the
implant [28, 166], but it will not cause irregularities in the swing. The initial increase in the swing should
not affect the subthreshold charge separation technique of the comparison of pre- to post-irradiation curves.
MOSFETs which have nonuniform doping in the lateral direction under the gate cause a bending of the
conduction and valence bands with respect to the Fermi level. As a result, the entire silicon channel will not
be at the same potential. It is necessary to determine an effective channel doping to use in Eq. 6.1. Assuming
the device does not turn on until the entire channel is inverted, the effective channel doping would be the
larger value near the source. However, in the present study the application of the method has not been tested

for the case of nonuniform doping in the channel region.

6.3.3. Interface and trapped charge assumptions

Separation of radiation-induced threshold voltage shifts into AV,, and AVj; using the subthreshold charge
separation technique is sensitive to the assumptions about the oxide trapped charge and interface traps. The
subthreshold technique assumes that the interface traps are amphoteric [96]. Only acceptor traps are above
midgap and donors below midgap. This provides the basis for assuming that all interface traps are neutral
at the midgap potential, V,,, [85,130]. Assuming that only holes are trapped in the oxide (positive ox-
ide charge), the midgap voltage shift, AV,,,, is representative of the quantity of trapped holes in the oxide.
Research has been performed which proposes the trapping of electrons in the oxide [107] or at the inter-
face [167] in hardened oxides. The trapped electrons would simply have a canceling effect on the oxide

trapped holes. In this case, the midgap voltage shift would represent the difference between the trapped
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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 MOSFETSs, 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-MOSFETSs

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 V5 >> kT /qo. In the present analysis the data set
have been taken in the linear region (|V,,| = 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, Iy, rather than the drain current, I;. 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 /; as a function of V4., or I; as a function of V., the
currents in all available leads of the MOSFET should be monitored as a function of V,4, on the unirradiated
samples. In the following data the drain-source current /5, has been measured from the source electrode,
I, 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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interface state neutrality, the mobility at midgap could be better approximated by the pre-irradiation value.
At midgap, all interface states located above midgap have neutral charge, and it is assumed that there is no
trapped oxide charge near the interface to affect the mobility. However according to Ref. [140] the mobility
is affected by the oxide trapped charge at the Si-SiO, interface. So for the calculation of the midgap current
in the pre- and post-irradiation data the extracted maximum mobility in strong inversion has been used in the
analysis of high-ohmic MOSFETs. Fig. 6.6 (a) is an illustration of a typical pre- and post-irradiation plot of
I as a function of Vg4, in log scale for a p-channel MOSFET showing the separation of AV, into AV, and

AVy. In Fig. 6.6 (b) a n-channel pre- and post-irradiation subthreshold characteristics are shown.
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Figure 6.6: Subthreshold-current characteristics before and after X-ray irradiation (a) p-MOSFET <111>
and (b) n-MOSFET <100>.

6.4.1. The p-MOSFET irradiated with E;.,; pointing from the Si into the SiO»

Using the Egs. 6.1, 6.3 and assuming no interface traps the / 5‘Sleal(nge) subthreshold theoretical curve of
p-MOSEFET is calculated and presented in Fig. 6.7 (a). The V;;, is extracted using the parametrization model
fit, Igsit, in strong inversion as presented in Ch. 5. For the mobility value in weak inversion, gt in Eq. 6.1,
the Lo extracted from the parametrization model has been used. The channel midgap current, I, = Is(9s),
is calculated at ¢; = ¢. The horizontal I, line crosses the pre-irradiation subthreshold I;, as a function of
Vieare characteristic. The gate voltage at I, iS V,,o. For high-ohmic material, with channel doping Ny ~ 1012
cm 3, the calculated I,¢ value is in the pA range. This is an important difference between I, values in high
and low-ohmic material, Fig. 6.1. Allows the determination of interface trap density between pre-irradiation
and the theoretical subthreshold curve. In addition, the energy distribution of the interface traps, Dy, in the
Si bandgap can be determined from the dependence of the gate voltage on the surface potential, V;Z;e(‘l)s)-
As presented in Fig. 6.7 (a) the measured subthreshold curve for a p-MOSFET has a different swing than
the theoretical calculated curve, / 5‘5“‘1, due to the presence of donor traps above the midgap, Fig. 6.7 (b).

Similar to the Terman technique [170] the density of interface traps Dj [states/(V-cm?)], as a function of the
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surface potential ¢; [V] is calculated from Eq. 6.16 where V;Zte

and V¢! the gate bias of the ideal subthreshold curve. According to Eq. 6.3 dV,/%% /d¢ ~ 1, so the Dy is

gate gate

calculated from Eq. 6.17.

is the applied gate bias for the measured data

10~4 !

Energy band diagram
105L. - S b : : \ of p-MOSFET
: D : ] in strong inversion

1070t b

—I45 [A]

C
Charged = E Acceptor
Dﬂnﬂr/ EF Traps
Traps ! Donor
Traps
%EV

Si0, n-Si

_Vgate vl

(@) (b)

Figure 6.7: (a) Ids(nge) data before X-ray irradiation, [ gjm’(vgme) subthreshold theoretical curve, and

Ig’(Vga,e) parametrization model in strong inversion for a p-MOSFET <111> and (b) Energy band diagram
of a p-MOSFET in strong inversion showing donor traps.
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In Fig. 6.8 (a) is presented the I;,(Vya) as a function of X-ray dose in the subthreshold region. The increase
in "stretchout” as a function of X-ray dose, Vj;, of the subthreshold curves along the gate voltage axis is
caused by the increase of occupied interface traps in the Si bandgap between midgap and threshold. For a
p-MOSFET (n-bulk Si) the subthreshold characteristics are influenced by the increase of donor traps below
midgap (lower part of Si bandgap). The midgap method has been used to determine the contribution of
fixed oxide charge and interface traps to the effective oxide charge which has been calculated using the
extracted threshold voltage, Fig. 6.8 (b). The midgap voltage V., is determined after the calculation of the
midgap current, ,,,, for each subthreshold curve. The midgap mobility is required for the calculation of the
I,¢. Since, for a MOSFET, the mobility increases as the surface potential is lowered, the maximum strong
inversion value should be used [161]. The mobility piy values extracted in strong inversion, Fig. 6.8 (b),
are used for the calculation of I,,,. As presented in Ch. 5, o decreases, so |[,,,| decreases with increasing
dose. The calculated 1,,, and extracted V,,, values are presented in Table 6.1. The fixed oxide charge density,

Ny, is calculated from the Eq. 6.18. The voltage difference between threshold and midgap is related to the
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6. Subthreshold current technique

contribution of donor interface traps to the effective oxide charge. This voltage difference Vj, is calculated
from the Eq. 6.19. Similar to the oxide charge density, the interface trap density, Ny, is calculated from
Eq. 6.20 with (—) for n-bulk Si.
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Figure 6.8: (a) Ids(nge) in the subthreshold region, (b) Ids(Vga,e) in strong inversion and the parametrization
model fit used to determine the threshold voltage, V;;, before and after X-ray irradiation of the p-MOSFET
<111> irradiated with Efield T

Co (_Vmg —+ ‘Pb + ‘PmS)

Noxy = (6.18)
q0
Vie = Vi — Vmg (619)
v/ 2&s5i€0q0N 42| 95|
Ny = — Ve G ) (6.20)

q0

Table 6.1: Charge separation results as a function of X-ray dose of the p-MOSFET <111> irradiated with

Eficta T-
Dose [Gy] 0 10 110 610 1610 6610 16610
VI V] —200 —200 —200 —206 —21.8 —238 —290
E%l ; [kV/em] —500 —500 —490 —500 —500 —460 —440
—Img [PA] 12.95 13.04 12.93 12.57 11.94 10.42 10.04
—Vii [V] 7.39 7.54 7.79 8.54 9.62 13.71 19.85
~Ving [V] 4.0 42 44 5.0 5.6 8.2 12.0
—Vy [V] 3.39 3.34 3.39 3.54 4.02 551 7.85
NET 11010 cm—2 57.9 59.3 614 67.8 772 1124 165.3
Ny [1019 cm—2) 29.8 31.6 33.3 38.5 43.6 66.1 98.8
Ny [1010 em™2) 28.1 27.7 28.1 204 33.5 46.3 66.5
Dy (102 evlem™2]  1.16 1.06 1.07 1.16 1.56 1.80 2.79
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Figure 6.9: (a) Gate voltage and, (b) Oxide charge density as a function of X-ray dose of the p-MOSFET
<111> irradiated with Efield T

The dose dependence of Vy;, V,,, and Vj; is presented in Fig. 6.9 (a) and the calculated N;f f , Ny and Ny in
Fig. 6.9 (b). V, shifts from ~ —7.4 V to =~ —19.9 V up to an X-ray dose of 16.61 kGy. The contribution
of Ve and Vj to the net Vy, shift is from —4.0 V to —12.0 Vand ~ —3.4 V to = —7.9 V respectively. The
change in V}, is explained by the additive effect of positive charge contribution of interface traps and positive
fixed oxide charge to the total net V;; negative shift. In particular, fo / increases from ~ 5.8- 10! cm 2
to ~ 1.7- 10" cm~2, N,, increases from ~ 3.0- 10" cm™2 to ~ 9.9 - 10! cm~? and N increases from
~2.8-10" ecm 2 to ~ 6.7- 10" cm 2. In order to determine the gate voltage dependence on the surface
potential, Vi, (@), between midgap and threshold the non-linear equation I ideal(¢) — Iy = 0 has been
solved.

TN
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L R IERIt S .
0Gy > : :
10 Gy
o=0 [10Gy
<44 610Gy
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~Viare V]

—
—0.6 —-0.5 -0.4 —0.3 0.2 —0.1 0.0
Sur face potential, s [V]

Figure 6.10: Gate voltage as a function of surface potential in the subthreshold region before and after X-ray
irradiation of the p-MOSFET <111> irradiated with Ef;p14 1.
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The solution gives the surface potential values, ¢, and the V!

gme(q)s) as a function of X-ray dose, which is

presented in Fig. 6.10. The slope of the Véf;te(q)s) curves is related to the response of the surface potential to
the gate voltage. The presence of interface traps causes the surface potential to be less sensitive to changes
in gate voltage and will result in a increase in slope of V;Zte(‘l)s) [171,172]. The density of interface traps
as a function of surface potential, D;(¢), is calculated from Eq. 6.17 and presented in Fig. 6.11 (a). So far
with this method has been extracted the energy distribution of interface traps (donor traps) between midgap,
¢s = ¢p, and threshold or strong inversion |¢s| > |2¢),| for the p-MOSFET. In Fig. 6.11 (b) is presented the
energy distribution of interface traps, D (Ey ), where E;; = qo(¢s — ¢,) is calculated from the middle of the
Si bandgap. The integrated D;; values, between midgap and threshold, correspond to the N;, values extracted

for each X-ray dose, presented in Fig. 6.9 (b).
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Figure 6.11: (a) D;, as a function of the surface potential and, (b) Energy in the Si bandgap before and after
X-ray irradiation of the p-MOSFET <111> irradiated with E ;¢4 1.

2 and

The D;; values in the midgap position increase from ~ 2.0-10'? eV-'em 2 to ~ 7.0- 10" eV lem™
at threshold 0.3 eV below midgap the increase is from ~2.0-10'? eV -lecm 2 to ~ 5.0-102 eV-lem 2 up
to X-ray dose of 16.61 kGy. The average value of D; in the energy range between midgap and threshold
increases from ~ 1.2- 1012 eV lem 2 to 2 2.8 - 102 eV 'em 2 and is higher than the integrated interface
trap density, N;. The energy distribution of interface traps shows a minimum 0.1 eV below midgap, £,
and then increases towards the valence band edge, £y. The results suggest a half "U" shaped distribution
of traps, in the lower part of the Si bandgap with a "peak” at midgap. Unfortunately with the subthreshold

current technique applied on p-MOSFET, the D in the upper part of the bandgap cannot be extracted.

6.4.2. The p-MOSFET irradiated with £, pointing from the SiO; into the Si

Similar to the analysis presented in the previous section, the fixed oxide charge density, the interface trap
density and the energy distribution of interface traps are extracted from the p-MOSFET <111> irradiated
with E ;. pointing | from the SiO; into the Si. In Fig. 6.12 (a) is presented the Ids(nge) in log scale as
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a function of X-ray dose in the subthreshold region. As mentioned above for the p-MOSFET, the increase

in "stretchout” as a function of X-ray dose of the subthreshold curves is caused by the increase of interface

traps in the lower part of the Si bandgap.
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Figure 6.12: (a) Ids(nge) in the subthreshold region, (b) Ids(nge) in strong inversion and the parametriza-
tion model fit used to determine the threshold voltage, V;;, before and after X-ray irradiation of the p-
MOSFET <111> irradiated with E;.1q |.

Using the midgap method, the midgap voltage, V¢, is determined after the calculation of the midgap current,
1,4, for each subthreshold curve. However for this case the mobility, ty, values extracted in the onset of
strong inversion (E g ~ 0), Fig. 6.12 (b), remain constant with increasing dose and increase only for the
highest dose steps, Ch. 5. As shown in Fig. 6.3 (b), o probably increases due to decrease of minority
carrier fluctuations after the increase of interface traps. In the subthreshold curves, Fig. 6.12 (a), the effect
is observed as a second swing around V. ~ —15 V for the X-ray doses of 6.61 and 16.61 kGy. In order to
overcome this non-usual iy behavior as a function of X-ray dose, for the calculation of ,,, the Si bulk hole
mobility is used =~ 450 cm?/(Vs). As discussed above the weak inversion mobility cannot be larger than the
bulk mobility.

Table 6.2: Charge separation results as a function of X-ray dose of the p-MOSFET <111> irradiated with

Eficta |-
Dose [Gy] 0 10 110 610 1610 6610 16610
VI V] 7.0 7.0 7.0 6.0 1.0 0 0
Ejf,»gld [kV/em] 490 500 540 520 460 510 570
—Ing [PA] 22.63 22.63 22.63 22.63 22.63 22.63 22.63
—V [V] 5.25 5.50 7.32 11.89 12.84 13.20 15.97
~Vimg [V] 3.0 3.4 4.8 8.6 8.6 6.2 6.6
—Vy [V] 2.25 2.1 2.52 3.29 4.24 7.0 9.37
N 11010 em2) 39.5 41.7 573 96.7 105.0 1080  131.9
Nox [1010 cm—2] 21.2 24.7 36.7 69.5 69.5 48.8 52.3
Ni [1010 em™2) 18.3 16.7 20.6 272 35.5 59.2 79.7
Dy [102ev—iem™2] 091 0.65 0.80 1.06 1.58 2.94 4.30
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Figure 6.13: (a) Gate voltage and, (b) Oxide charge density as a function of X-ray dose of the p-MOSFET
<111> irradiated with Efield 1

The calculated I, and extracted V,,,, values are presented in Table 6.2. The fixed oxide charge density,
Ny, 18 calculated from the Eq. 6.18. The Vj; "stretchout” is related to the presence of donor traps between
midgap and threshold and calculated from Eq. 6.19, where the interface trap density, Ny, is calculated from
Eq. 6.20 with (—) for n-bulk Si. The dose dependence of Vy;, V,,,, and Vj; is presented in Fig. 6.13 (a) and
the calculated fo f » Nox and Ny in Fig. 6.13 (b) for the p-MOSFET <111> irradiated with Ef;ejq . Vi, shifts
from~ —5.3 Vto~ —16.0 V up to X-ray dose of 16.61 kGy. The contribution of V,,, and V}; to the net shift
is from —3.0 Vto —6.6 V and from =~ —2.3 V to = —9.4 V respectively.
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Figure 6.14: Gate voltage as a function of surface potential in the subthreshold region before and after X-ray
irradiation of the p-MOSFET <111> irradiated with Ef;p4 |-

Similar as for p-MOSFET irradiated with Ey;;q T, the change in Vj; is explained by the additive effect

of positive charge contribution of interface traps and positive fixed oxide charge to the total net V;,. So
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far, Oe{f increases from ~ 4.0- 10" cm™2 to ~ 1.3 - 10'? em~2, N, increases from ~ 2.1-10'"' cm™2 to

~5.2-10" cm~? and N; increases from ~ 1.8-10'! cm 2 to ~ 8.0-10'! cm 2. The Vit () between

midgap and threshold is determined after solving the non-linear equation / ﬁeal((])s) — Iz = 0. The solution
gives the surface potential values, ¢, and the V

gate
The slope of the Véf;te(q)s) curves increases as a function of dose due to the increase of interface traps. The

(¢,) as a function of X-ray dose is presented in Fig. 6.14.

density of interface traps as a function of surface potential, D; (¢;), is calculated from Eq. 6.17 and presented
in Fig. 6.15 (a). In addition, the energy distribution of interface traps, D (E; ), where Ei = go{¢s — ¢p) is
calculated from the middle of the Si bandgap is presented in Fig. 6.15 (b).
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Figure 6.15: (a) D;, as a function of the surface potential and, (b) Energy in the Si bandgap before and after
X-ray irradiation of the p-MOSFET <111> irradiated with E ;¢4 |.

2 and

The D;, values in the midgap position decrease from ~2.0-10'2 eV lem 2 to ~ 6.0-10'! eV lem™
for the last irradiation steps increase up to = 3.5-10!2 eV lcm 2. At the energy position 0.3 eV below
midgap (threshold) the increase is from ~ 1.2-10'?> eV-'em 2 to ~ 1.0- 10" eV~'cm 2 up to X-ray dose
of 16.61 kGy. The average value of D; in the energy range between midgap and threshold increases from
~0.9-10” eV lecm 2 to~4.3-10'> eV 'cm ? and is higher than the integrated interface trap density, Ny;.
The energy distribution of interface traps shows a minimum 0.1 eV below midgap, £;, and then increases
towards the valence band edge, Ey. The results suggest a half "U" shaped distribution of traps, in the lower

part of the Si bandgap with a "peak” at midgap.

6.4.3. The n-MOSFET irradiated with E;,;; pointing from the Si into the SiO»

In addition, the midgap method is used on the n-MOSFET <100> irradiated with E ;.4 pointing T from the
Si to the SiO;. In Fig. 6.16 (a) is presented the I;5(Vgae) in log scale as a function of X-ray dose in the
subthreshold region. The increase in "stretchout” as a function of X-ray dose, Vj, of the subthreshold curves
along the gate voltage axis is caused by the increase of occupied interface traps in the Si bandgap between
midgap and threshold. For the n-MOSFET (p-bulk Si) the subthreshold characteristics are influenced by
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the increase of acceptor traps above midgap (upper part of Si bandgap). In particular as the gate voltage is
increased towards threshold, the distribution of electrons which are held by the interface traps will increase.
Thus at threshold, the net change in the charge contribution due to interface traps compared to the net charge
by fixed oxide charge will be negative. This negative charge will contribute to a positive shift in n-MOSFET
threshold voltage [171,172].
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Figure 6.16: (a) Ids(nge) in the subthreshold region, (b) Ids(nge) in strong inversion and the parametriza-
tion model fit used to determine the threshold voltage, V;;,, before and after X-ray irradiation of the n-
MOSFET <100> irradiated with Ef;p14 1.

With the midgap method is determined the contribution of fixed oxide charge and interface traps to the
effective oxide charge which has been calculated from the extracted threshold voltage, Fig. 6.16 (b). The
midgap voltage V,,,, is determined after the calculation of the midgap current, I, for each subthreshold
curve. The mobility tig values extracted in strong inversion, Fig. 6.16 (b), are used for the calculation of I,,c.

As presented in Ch. 5, g decreases, so I, decreases with increasing dose.

Table 6.3: Charge separation results as a function of X-ray dose of the n-MOSFET <100> irradiated with

Eficta T-
Dose [Gy] 0 10 110 610 1610 6610 16610
VI V] —380 —38.0 —40.0 —55.0 —760 —620 —500
Ef, [kViem] —510 —500 —520 —600 —590 —680 —740
Ing [PA] 95 8.96 8.06 5.04 4.55 3.95 3.52
Vi [V] —2.06 —423 —18.04 —3566 —2129 —529  3.07
Ving [V1 —2.4 —5.0 —23.6 —486 —404 320 274
Vi [V] 0.34 0.77 5.56 12.94 19.11 26.71 30.47
N 1101 cm 2] 5.6 12.3 54.8 1090 648 15.6 ~10.2
Ny [1010 cm—2] 5.7 13.7 71.0 150.0 122.7 96.9 82.7
Ny 1019 cm=2) —0.1 —1.4 —162  —389 579 813 —929
Dy [1012ev-iem™2] 0.02 0.10 0.67 1.58 2.51 2.39 2.58

The calculated 1,,, and extracted V,,,, values are presented in Table 6.3. The fixed oxide charge density, N,,, is

calculated from Eq. 6.18. The voltage difference between threshold and midgap is related to the contribution
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of acceptor traps to the effective oxide charge. This voltage difference Vj, is calculated from Eq. 6.19. The
interface trap density, Ny, is calculated from Eq. 6.20 with (+) for p-bulk Si.
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Figure 6.17: (a) Gate voltage and, (b) Oxide charge density as a function of X-ray dose of the n-MOSFET
<100> irradiated with Efield T

The dose dependence of Vi, V,e and V;; is presented in Fig. 6.17 (a) and the calculated N;{ f , N, and Ny in
Fig. 6.17 (b). V;;, shows a negative shift from ~ —2.1 V to &= —35.7 V up to an X-ray dose of 610 Gy and
positive shift from ~ —35.7 V to = 3.1 V for dose values of 610 Gy to 16.61 kGy.
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Figure 6.18: Gate voltage as a function of surface potential in the subthreshold region before and after X-ray
irradiation of the n-MOSFET <100> irradiated with Ef;.4 1.

The contribution of V. to the net V;; shift is from ~ —2.4 V to ~ —48.6 V and from ~ —48.6 V to =~
—27.4 V. The contribution of V; to the net Vy, shift is from ~ 0.3 Vto ~ 12.9 V and from 12.9 V to 30.5 V.

The change in V}, is explained by the subtractive effect of the charge contribution of interface traps and the
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fixed oxide charge to the net V}; shift. So far, Oeff increases from ~ 5.6-10'9 cm™2 to ~ 1.1-10'? cm™

2
up to 610 Gy and then decreases to ~ —1.0-10'! cm 2 up to X-ray dose of 16.61 kGy. In particular, N,,
increases from ~ 5.7-10'" cm 2 to ~ 1.5-10'2 cm ™2 and then decreases to ~ 8.3 - 10! cm 2. The negative
charge on the interface traps, N, increases from ~ 0.1-10'® cm~2 to ~ 9.3 - 10'! cm~2 up to X-ray dose of
16.61 kGy. The VZ

gate

1174 (¢,) — I;; = 0. The solution gives the surface potential values, ¢, and the Vitse

(¢5) between midgap and threshold is determined after solving the non-linear equation
(¢5) as a function of
X-ray dose is presented in Fig. 6.18. The slope of the Véf;te(q)s) curves increases as a function of dose due to

the increase of interface traps.
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Figure 6.19: (a) D;, as a function of the surface potential and, (b) Energy in the Si bandgap before and after
X-ray irradiation of the n-MOSFET <100> irradiated with E ;¢4 1.

The density of interface traps as a function of surface potential, D;(¢;), is calculated from Eq. 6.17 and
presented in Fig. 6.19 (a). With this method the energy distribution of interface traps (acceptor traps) be-
tween midgap, ¢; = ¢, and threshold or strong inversion ¢; > 2¢, has been extracted for the n-MOSFET.
In Fig. 6.19 (b) is presented the energy distribution of interface traps, Dy (E;), where E;; = qo(¢s — ¢p) is
calculated from the middle of the Si bandgap. The integrated D;, values, between midgap and threshold,
correspond to the |Nj| values extracted for each X-ray dose, presented in Fig. 6.17 (b). The Dj;; in the
midgap position increases from ~2.0-10'% eV-lem 2 to ~ 8.0- 10'? eV-lem 2 up to 1.61 kGy and then
decreases to ~ 2.0-10'? eV~'cm 2 up to 16.61 kGy X-ray dose. The energy position of the threshold volt-
age varies from = 0.12 to ~ 0.33 eV above midgap and the Dj increases from ~ 2.0-10'" eV lem 2 to
~4.0-10'? eV lem 2 up to X-ray dose of 16.61 kGy. The average value of Dj in the energy range between
midgap and threshold increases from ~2-10!% eV~lecm ™2 to ~ 2.6 -10'? eV~ 'ecm ™2 and is higher than the
integrated interface trap density, |Ny|. The energy distribution of interface traps from midgap E;, towards
the conduction band edge E¢, is constant for 0 and 10 Gy, shows "peaks"” for 110 Gy up to 1.61 kGy and
approximately is flattened for 6.61 and 16.61 kGy X-ray dose.
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6.4.4. The n-MOSFET irradiated with E;,;; pointing from the SiO; into the Si

Similar to the analysis presented in the previous section, the fixed oxide charge density, the interface trap
density and the energy distribution of interface traps are extracted for the n-MOSFET <100> irradiated with
Efie1a pointing | from the SiO; into the Si. In Fig. 6.20 (a) is presented the Ids(nge) in log scale as a function
of X-ray dose in the subthreshold region.
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Figure 6.20: (a) Ids(Vga,e) in the subthreshold region, (b) Ids(nge) in strong inversion and the parametriza-
tion model fit used to determine the threshold voltage, V;;, before and after X-ray irradiation of the n-
MOSFET <100> irradiated with Ef;p14 |-

As mentioned above for the n-MOSFET, the increase in "stretchout” as a function of X-ray dose of the
subthreshold curves is caused by the increase of interface traps in the upper part of the Si bandgap. Using
the midgap method, the midgap voltage, V), is determined after the calculation of the midgap current, /g,
for each subthreshold curve. The mobility tty values extracted in strong inversion, Fig. 6.20 (b), are used
for the calculation of 1,,,. As presented in Ch. 5, tl decreases, so I,,, decreases with increasing dose. The
calculated 1,,, and extracted V,,, values are presented in Table 6.4. The fixed oxide charge density, Ny, is
calculated from Eq. 6.18. The Vj; "strechout” is related to the presence of acceptor traps between midgap and
threshold and calculated from Eq. 6.19, where the interface trap density, Ny, is calculated from Eq. 6.20 with
(+) for p-bulk Si. The dose dependence of Vi, V,,, and V}; is presented in Fig. 6.21 (a) and the calculated
N;ff, N,y and Ny in Fig. 6.21 (b). V;;, shows a negative shift from =~ —2.1 V to = —28.7 V up to an X-ray
dose of 190 Gy and a positive shift from ~ —28.7 V to =~ —7.1 V for a dose of 190 to 610 Gy. Again a
negative shift from ~ —7.1 V to = —44.8 V for a dose of 610 Gy to 1 kGy, a positive shift from ~ —44.8 V
to = —14.5 V for 1 to 1.25 kGy and negative shift from ~ —14.5 V to = —100.4 V for 1.25 to 6.61 kGy.
The contribution of V,,,, to the net Vy, shiftis from ~ —2.4 Vto ~ -354 V,from~ -35.4 Vio~ —16.8 V,
from~ —16.8 Vto =~ —57.0V, from ~ —57.0 Vto ~ —27.4 V and from =~ —27.4 V to =~ —138.6 V. The
contribution of V; to the net V;;, shiftis from =~ 04 Vo= 6.7V, from~ 6.7 Vtox= 9.7V, from = 9.7 V to
~12.2 Vand from ~ 12.2 Vto ~ 38.2 V.
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6. Subthreshold current technique

Charge separation results as a function of X-ray dose of the n-MOSFET <100> irradiated with

Table 6.4
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Figure 6.21: (a) Gate voltage and, (b) Oxide charge density as a function of X-ray dose of the n-MOSFET
<100> irradiated with Efield 1

As for the n-MOSFET irradiated with Eg;q T, the change in Vj; is explained by the subtractive effect
of charge contribution of interface traps and fixed oxide charge to the net Vj; shift. 47 increases from
~5.6-10' cm 2 to ~ 8.8- 10" cm 2 up to 190 Gy, decreases to ~ 2.1-10'" cm~2 up to 610 Gy and
increases to =~ 1.4- 10'2 cm 2 up to 1 kGy X-ray dose. Again decreases to =~ 4.4-10'! cm 2 up to 1.25 kGy
and increases to ~ 3.1-10'> cm 2 up to 6.61 kGy.
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Figure 6.22: Gate voltage as a function of surface potential in the subthreshold region before and after X-ray
irradiation of the n-MOSFET <100> irradiated with Ef;.14 |-

In particular, N, increases from ~ 5.7 - 109 em™2 to &~ 1.1-10'? em ™2, decreases to ~ 5.0- 10! cm ™2,
increases to &~ 1.7 - 10'2 cm 2, decreases to ~ 8.3 - 10!! cm ™2 and increases to ~ 4.3-10'2 cm 2. The
negative charge on the interface traps, N, increases from ~ 0.1-10'0 cm=2 to ~ 1.2-10'> cm™2. The
V() between midgap and threshold is determined after solving the non-linear equation el (¢) — I =
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6. Subthreshold current technique

0. The solution gives the surface potential values, ¢;, and the V;Zte
presented in Fig. 6.22. The slope of the V/

gate

(¢5) as a function of X-ray dose is
(¢5) curves increases as a function of dose due to the increase of
interface traps. The density of interface traps as a function of surface potential, Dj (), is calculated using
Eq. 6.17 and presented in Fig. 6.23 (a). In addition, the energy distribution of interface traps, D (E; ), where
E;; = qo(¢s — @) is calculated from the middle of the Si bandgap, is presented in Fig. 6.23 (b).
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Figure 6.23: (a) D;, as a function of the surface potential and, (b) Energy in the Si bandgap before and after
X-ray irradiation of the n-MOSFET <100> irradiated with E s |.

The D; in the midgap position increases from ~ 2.0-10!% eV lem 2 to ~ 1.2-10'? eV lem 2 up to
6.61 kGy X-ray dose. The energy position of the threshold has a variation from ~ 0.12 to 0.35 eV above
midgap and the D;; increases from = 2.0-10'% eV-lem 2 to ~ 103 eV-lem 2 up to X-ray dose of
6.61 kGy. The average value of Dj; in the energy range between midgap and threshold increases from
~20-109eV-lem 2 to ~ 4.0- 102 eV lcm 2 and is higher than the integrated interface trap density,
|Ni¢|. The results suggest a half "U" shaped distribution of traps, in the upper part of the Si bandgap with a
"peak” at midgap after 610 Gy X-ray dose.

Discussion on the interface traps results As presented above and described in Refs. [173,174] the mea-
surement of the electric field dependence of interface state build-up in thick oxides is complicated by the
conflicting requirements to use a low dose rate to minimize the pertubation of the internal oxide field by
space charge build-up and to use higher doses in order to minimize error in the measurement of D;. The
electric field in the oxide is almost surely grossly pertubated for doses above 100 Gy. Charge build-up
strongly enhances the field at the Si-SiO, interface under positive bias and tends to maintain it constant

under negative bias [175].

The results for two oxide thicknesses, 250 nm and 700 nm, indicate that it is not the properties of the Si-SiO,
interface alone that determine the build-up of interface state, a bulk effect must also be present. A possible

mechanism is a variation in interface state build-up with strain at the interface that is in turn a function
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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 D;, 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 Ef;.4 at the
Si-Si0; interface is particularly important to N; build-up, and consequently the prompt N;; 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 N, or by direct creation of states near the Si-SiO;. 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 MOSFETSs

A MOSFET with source floating or drain floating or source connected to drain is similar to a Gate Con-
trolled Diode structure [178, 179]. In the present chapter, measurements have been performed on p- and
n-MOSFETs at room temperature before and after irradiation. It is presented that the surface generation cur-
rent, Iy, s, and the density of the generation recombination centers at the Si-SiO, interface can be obtained

from the gate controlled diode measurement on MOSFETs.

7.1. Surface current

As presented in Refs. [178,180,181] in a GCD structure, the p-n junction reverse current may consist of one
or more of the following three components depending on the gate voltage: (i) the current which corresponds
to generation within the depletion region of the metallurgical junction I,,;, (ii) the current which corresponds
to generation within the depletion region of the field induced junction Iz;;, and (iii) the current which cor-
responds to the surface generation component Iy,+. Explanations of the above statements is suggested in
Figs. 7.1 and 7.2. Atroom temperature the reverse current of p-n junctions is due to electron-hole pairs gen-

erated through the action of Shockley-Read-Hall type centers within the depletion region [182—184]. The
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Figure 7.1: (a) Bias configuration with source connected to drain under test for the gate controlled measure-
ment, and (b) Typical gate controlled diode characteristics Iy, as a function of V,4, of the non-irradiated
n-MOSFET <100>.
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7. Gate Controlled Diode measurements on MOSFETs

magnitude of the reverse current depends on the total number of such centers included within the junction
depletion region. For the n-MOSFET circular design shown in Fig. 7.1 (a), an external voltage V4; = —25V

is necessary in order to form a hole accumulation layer at the edge of the depletion region.
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Figure 7.2: Cross section and Energy band diagram of the n-MOSFET <100> in accumulation (a) and (b),
depletion (c) and (d), inversion (e) and (f) respectively.

The hole accumulation layer prevents the surface current measurement from edge leakage current due to

the junction between the p-Si substrate and the SiO,. When the surface under the gate is accumulated,
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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-SiO, 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 x,;.
When the surface is depleted, x; and hence this current component increases with increasing gate voltage
Viate> as indicated by the dotted line in Fig. 7.1 (b). When the surface is inverted, x; 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],

Imj :quijAmj (71)
Ifij = qoUfijXd,.As (7.2)
Isurf = qusAs (7.3)

where U,,; and Uy;; are the carrier generation rates per unit volume in the depletion regions of the metallur-
gical and field induced junctions, respectively. U, is the carrier generation rate per unit area at the Si-SiO;
interface, and W and x,,,, are the depletion region widths of the metallurgical and field induced junctions.
Ay j 1s the area of the metallurgical junction, and Ay is the area of the substrate under the gate. It is evident
from Eqgs. 7.1 and 7.2 that whereas both bulk generation components should depend on the magnitude of the
reverse bias voltage through W and x4, . 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 MOSFETSs can be carried out with the source floating, reverse
voltage V; applied on the drain, drain floating with reverse voltage V; applied to the source or the source
connected to the drain with the reverse voltage V,, applied to source and drain [178, 180]. The V4, 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 Ij,.. The ramp rate of
Veare 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 (V; > 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

single Fermi level in equilibrium is replaced by the quasi-Fermi level £, for electrons and the quasi-Fermi

level Ey, for holes, and the difference is
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Figure 7.3: I, as a function of Vg, before irradiation of the n-MOSFET <100> (a) with source floating,
reverse voltage V; on drain, and (b) with source connected to drain, reverse voltage V;.

Efp - Efn = qOVd. (74)

The quasi-Fermi level for electrons at the surface of the substrate under the gate is lowered by an amount
qoVy relative to the bulk Fermi level in the substrate. At the onset of weak inversion (midgap), the intrinsic

level coincides with the quasi-Fermi level for electrons, so the corresponding surface potential is

Os=Va+ o (7.5)

where go ¢, is the energy difference between the intrinsic and the bulk Fermi level. The gate voltage at the

onset of weak inversion can be written as

vV 2€s:€0q0Na2¢p

Vo=V +Va+p+
Cox

(7.6)

where Vy;, is the flatband voltage of the MOS structure, €s; the Si permittivity, N, the bulk doping of the
substrate and C,, the oxide capacitance per unit area. The voltages Vy;, and V; are indicated in Figs. 7.3
(a) and (b) for Iback(nge) measurements for different values of V; and V. For a sufficiently negative
Viare the surface is in accumulation and only the centers within the depletion region of the metallurgical
drain/substrate p-n junction contribute to the generation current I, ;. When Vg, is sufficiently positive the
surface is in inversion and the source is connected to drain internally by the inversion layer. In this case, the
centers within the depletion regions of the metallurgical source/substrate p-n junction and the field induced
p-n junction also contribute to the generation current. So far, the reverse current is the sum of the currents

Limj» Ismj and Ir;; when the surface is strongly inverted, where Iy, and If;; are the generation currents of
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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-SiO, add the surface current component Iy, r. As
a result, the maximum reverse current is observed at a V4, 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 Iy, ; of the drain/substrate junction is not equal to the current I, ; of the source/drain junction. Hence
the current /;; 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 /.. or I,,; where,

Lyce = ]mj = Lsmj +Idmj (77)

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

liny = Lipj + Lamj + i (7.8)

According to Eqs. 7.7 and 7.8, I;; can be determined from I;; = I;y;, — Iycc. Similar to the bulk G-R centers,
interface traps at the Si-SiO; interface can also act as G-R centers and they are responsible for the observed
surface generation current Ig,r. As shown in Refs. [178, 181], only the interface traps energy levels E;
close to the midgap E; (i.e. E; ~ Ej) are efficient surface G-R centers. When the surface under the gate is

depleted, the surface generation current component can be written as

1
Isurf = qunicvthNitAS (7.9)

where vy, is the thermal velocity, N;; the density of interface traps with energy states near midgap and o
is their capture cross section which is assumed to be the same for electrons and holes. When the I, r 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 Efipq T. As shown in Fig. 7.4 (a), the Ipgck (Voare) With drain-source voltage Vs = 10 V has been
measured as a function of X-ray dose. The value of Vy;, 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 [y, increases as a function of X-ray dose, independent of the Vy;, shift, due to the increase
of the interface trap density. For a cross check of the reverse applied voltage on drain-source Vy;, or drain
voltage V,;, 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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inversion conditions. Vy;, is independent of the reverse voltage and depends only on the oxide charge den-
sity. So far, Vz; was chosen 10V, as the Iy, s is approximately saturated, Fig. 7.4 (b). However, there are
small differences between the three possible bias configurations, reverse voltage V;; on drain-source, reverse

voltage V; on drain with source floating and reverse voltage V. on source with drain floating.
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Figure 7.4: I, as a function of V4, of n-MOSFET <100> irradiated with E,;4 T (a) with source con-
nected to drain, reverse voltage V;; = 10V, as a function of X-ray dose, and (b) with source floating, reverse
voltage V; on drain after 16.61 kGy X-ray dose.

As presented in Fig. 7.5 (a) for the n-MOSFET <100> irradiated with E ;4 T after 16.61 kGy X-ray dose, the
measurement with reverse voltage V... shows a lower leakage current in accumulation due to the smaller
area of the metallurgical p-n junction. The measurement with drain-source reverse voltage V;; shows a
higher surface current, due to the higher depleted surface area below the gate compared to the other two bias
configurations. Also the differences in the depleted surface area, are shown in the differences of Vs, which
is influenced from the oxide charge density. As expected, no differences are observed in the weak inversion

voltage, as the reverse voltage of 10 V is the same for the three bias configurations.

In order to overcome the problem with the non-depleted surface, the measurement with reverse voltage on
drain-source V,;, has been chosen for the extraction of the surface current. The extracted parameters as a
function of X-ray dose and electric field during irradiation E}:ZZ ;4 are presented in Table 7.1.

Table 7.1: Surface current density, Jy, 7, as a function of X-ray dose of the n-MOSFET <100> irradiated

with Efierq T
Dose [Gy] 0 10 110 610 1610 6610 16610
E}Zld [kV/em] —500 —500 —490 —500 —500 —460 —440
Iy [nA] 0003  0.02 0.14 0.38 0.54 0.97 1.42
Jsurf [nA/sz] 0.9 6 40 110 150 270 400

The surface current density Jy,, s = Iy,r/As increases to 0.4 fA/cm? up to 16.61 kGy X-ray dose due to the
increase of interface trap density. An attempt to present the contribution of the interface traps to the surface
current is shown in Fig. 7.5 (b). The measurement of the surface current Iback(nge) with reverse voltage

on drain, V, is plotted together with the surface potential @s(Vy4.) extracted with the subthreshold current
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Figure 7.5: I, as a function of Vg, of n-MOSFET <100> irradiated with E4 1 after 16.61 kGy X-ray
dose (a) for the three possible bias configurations and (b) with source floating, reverse voltage V; = 10 V on
drain, and surface potential ¢, as a function of V4, extracted with the subthreshold current technique.

technique at 16.61 kGy X-ray dose. The I, starts to increase due to Iy, above Vy;, and the (])S(nge) starts
to increase from midgap to strong inversion as Vg, increases. The small differences in gate voltage region
Veare» between the contribution of I, to the Iy, and the increase of ¢, are related to the difference of
the measurement techniques. The (])S(nge) has been extracted from the drain-source current measurement
Ids(nge). Similar the surface current measurement has been performed also for the n-MOSFET <100>
irradiated with E,; | after 1.25 kGy X-ray dose.
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Figure 7.6: I, as a function of Vg, of n-MOSFET <100> irradiated with Ef;.4 | after 1.25 kGy X-ray
dose (a) for the three possible bias configurations and (b) with source floating, reverse voltage V; =8 V on
drain, and ¢ as a function of V,, extracted with the subthreshold current technique.

As presented in Fig. 7.6 (a), the measurement with reverse voltage V;,,c. shows a lower leakage current in

accumulation, the measurement with drain-source reverse voltage V;; shows a higher surface current and
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7. Gate Controlled Diode measurements on MOSFETs

differences are found for Vy,. No differences are observed in the weak inversion voltage, as the reverse
voltage of 8 V is the same for the three bias configurations. In Fig. 7.6 (b) is presented the contribution of
the interface traps to the surface current. The I, starts to increase due to Iy, after Vy, and the Os(Veate)
starts to increase from midgap to strong inversion as the V., increases. The contribution of Iy, t0 Iy, and

the increase of ¢, is presented approximately in the same gate voltage region V.

Measurements on p-MOSFET  Surface current measurements have also been performed on the p-MOSFET
circular design. For the p-MOSFET no external voltage is necessary, in order to form an accumulation layer
and prevent the measurement from edge leakage current. There is no junction formed between the n-Si and
the SiO; at least for low X-ray doses. As shown in Figs. 7.7 (a) and Figs. 7.7 (b) for the p-MOSFET, V. is
changed from a positive voltage (which corresponds to surface accumulation) to a negative voltage (which
corresponds to strong inversion), while the drain (or the source or both the drain and source) is kept at a con-
stant negative voltage and the current is measured from the backside /.. The relevant charge layers below
the gate in accumulation, depletion and inversion and the corresponding band bending before irradiation are

presented in Fig. 7.8.
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Figure 7.7: (a) Bias configuration with source connected to drain under test for the gate controlled mea-
surement, and (b) Typical gate controlled diode characteristics 4. as a function of Vg4, of the irradiated
p-MOSFET <111>.

As presented in Fig. 7.9 (a) the surface current measurement has been performed for the p-MOSFET <111>
irradiated with Ey;.y | after 16.61 kGy X-ray dose for the three possible bias configurations. The same
effects are observed as for the n-MOSFET measurement and this is evidence that the surface current mea-
surement on MOSFETs is valid for both types of substrate p- and n-Si. In addition, in Fig. 7.9 (b) is presented
the contribution of the interface traps to the surface current. The | I, | starts to increase due to Iy, s after Vip
and the | @;(Vear)| starts to increase from midgap to strong inversion as the |Vy, | increases. The contribution
of Iyrf to the [pqq and the increase of |¢| is presented approximately in the same gate voltage region Ve,

similar to the n-MOSFET measurements.
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Figure 7.8: Cross section and Energy band diagram of the p-MOSFET <111> in accumulation (a) and (b),
depletion (c) and (d), inversion (e) and (f) respectively.
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Figure 7.9: I, as a function of Vg, of p-MOSFET <111> irradiated with Ey;.4 | after 16.61 kGy X-ray
dose (a) for the three possible bias configurations and (b) with source floating, reverse voltage —V,; = 8 V on
drain, and ¢ as a function of V4, extracted with the subthreshold current technique.

7.2. Summary

In this chapter is presented how a MOSFET can be used to measure the surface current. The method is
similar to the measurements using a Gate Controlled Diode. In addition, is shown the correlation of the
surface current with the surface potential. Results as a function of X-ray dose are presented for the n-
MOSFET irradiated with the electric field pointing into the SiO,. The values found are similar to the values
obtained previously using a GCD irradiated without applied voltage.
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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(fxff , Nox and Ny, up to 256 hours at temperature of 60 °C.

8.1. The p-MOSFET irradiated with E;.;; pointing from the Si into the SiO,

Annealing study of the p-MOSFET irradiated with Ef;.;s pointing 1 from the Si into the SiO;, has been
performed. The test structure biased in inversion at a field in the SiO; of about 500 kV/cm during irradiation
and irradiated by X-rays up to a dose of about 17 kGy(SiO;) 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-SiO; 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-SiO, 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, ¢, the applied gate
voltage Vg (1), and on the bottom, the measured drain-source current Is(#). Vg is changed from accu-
mulation to inversion, Vj,,, kept at inversion for 3 hours, and then changed back to accumulation, V... After
2 minutes at V., this sequence is repeated. Two sequences are used, in order to check the reproducibility
of the measurement results. The values of V,.. and V},, 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, E}’fecl 4+ 18 varied from =~ 830 to 540 kV/cm and in inversion, E }’;Zl 4 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(ng) after annealing, for which Vg, was changed from V.. to Vj,,,
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Figure 8.1: Measurement cycle after annealing: the applied gate voltage, Veu.(?), is shown on the top, and
the measured drain-source current, ;,(t), on the bottom of the p-MOSFET <111> irradiated with E field T

the values of Vj;, o and V; /2 are obtained using Eq. 5.1. From the Vj; values the N;f T is calculated using
Eq. 5.5. Fig. 8.2 (a) shows the I;,(V,u.) calibration curves together with the fits for the different annealing

steps.
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Figure 8.2: (a) I, as a function of Vg, in the linear region, and the results of the fit used to determine V;,

and pip of p-MOSFET after annealing, and (b) Effective oxide charge density, N;{ 7 as a function of annealing
time of the p-MOSFET <111> irradiated with E;p5 1.

It is found that the values of V;;, change from ~ —18 V to &~ —12 V due to the decrease of positive oxide
charges. The slope of the I;¢(V,a.) calibration curves is approximately constant with annealing time. In

addition Fig. 8.1 shows that after every forward calibration, /;; decreases with time at the constant gate
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8. Annealing study of oxide charge and interface traps

voltage Vyure = Viny. The time constant is of the order of 30 minutes. A decrease of I, corresponds to an
increase of Noe,{c . For Veate = Vinv the p-MOSFET is in strong inversion: at the Si-SiO» interface a hole
inversion layer has formed, and the E;.;¢ points 1 from the Si into the SiO,. As a result, border traps are
charged up positively. As seen in Fig. 8.1, the value of I, 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 Noe){ . For Veate > Vin, the
p-MOSFET is in accumulation: at the Si-SiO; interface an electron accumulation layer has formed, and the

Efic14 points | from the SiO; 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 Viace Vinw E?,Lg([d Ebif',l"elld rf\{]acnn ANy ch ANy, disch Ho V1/2 A
[h] [V] [V] [kV/em] | [kV/cm] [em~2] [em~2] [em~2] [cm?/(Vs)] [V] [nm]
1/6 20 | —380 830 —830 [ 155.9-10 [ 9.3.10™ [ 11.5-10™ 192 —119 [ 0.49
1/2 2.0 | —38.0 780 —890 | 143.9-10" | 10.9-10" | 10.6-10'0 188 —134 | 0.43

1 2.0 | —38.0 740 —930 136.6-10' | 10.4.10'° | 10.1-10'0 184 —153 | 0.38
2 2.0 | =380 720 —940 132.6:10'° | 10.6-10° | 10.2-10'° 188 —146 | 0.40
4 2.0 | —38.0 700 —960 128.1-10' | 10.1-10'° | 10.4-10'0 187 —149 | 0.39
8 20 | —38.0 680 —990 122.6-10'° | 10.6-10'0 | 9.7-10'0 187 —155 | 0.38
16 2.0 | —38.0 650 —1010 | 117.5-10" | 11.2-10'° | 9.5.10'0 188 —155 | 0.38
32 20 | —38.0 620 —1050 | 111.4-10'° | 12.3-10' | 10.3-10'° 190 —153 | 0.38
64 2.0 | —38.0 590 —1080 | 105.0-10' | 13.0-10'° | 9.2.10'0 190 —156 | 0.37
128 2.0 | —38.0 570 —1110 99.5.100 | 12.8-10' | 11.3-10%° 191 —156 | 0.37
256 2.0 | —38.0 540 —1130 93.7-10'° | 13.5-10"° | 10.2-10'° 193 —154 | 0.38

Table 8.1 presents for the individual annealing steps the integrated annealing time, the values of V., Viu,
applied to the gate for the measurement cycle and the corresponding electric field values in accumulation,

;‘fecl ,» and inversion, E}’I‘Zl 4 Fig. 8.2 (b) presents the values of Nf)f ! as a function of annealing time, N,f{ {:,m (1)
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(SiO,), Noe){ J;,m(O) =1.9-10'2 ¢cm™2. For the maximum
annealing time of 256 hours, N(f){j ];,m(256 h) =9.4. 10" ¢m~2. From the values shown in the Table 8.1 as
well as from Fig. 8.2 (b), one sees the N,f){j inn (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 AN, .(t), the charging up of the border traps during
the three hours after each annealing step, and the eighth column AN,y giscn(t), the discharging of border traps,
when changing V4. 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(f}f s,
is observed. For the highest annealing time values, the AN, ., (¢) values start to increase and the AN,y giscn(t)
stay approximately constant up to 256 hours of annealing at 60 °C, shown in Fig. 8.3 (a). The electric field
inv acc

during charging, | fiel 4|» increases as a function of annealing time and during discharging, ield> decreases

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

In addition, the I;5(V,a.) calibrations allow to determine the dependence of the hole mobility on V. for
different dose values. The parametrization is presented in Ch. 5. The results for o and V; /, 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(SiO,) the extracted hole mobility at Eje;q = 0, is tg = 200 cm?/(V-s) and
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Figure 8.3: (a) AN, corresponding to the charging and discharging of border traps, and (b) E ;4 values
during the charging and discharging of border traps as a function of the annealing time of the p-MOSFET
irradiated with Efield T

after 256 hours annealing at 60 °C, tig = 193 cm?/(V-s). As shown in Fig. 8.4 (a) g stays approximately
constant as a function of annealing time. The value of V;; changes from —119 V to about —154 V. In

Fig. 8.4 (b) is presented the V; ; and the surface roughness amplitude A as a function of annealing time.
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Figure 8.4: (a) Hole mobility, o, and (b) V;,, and A as a function of annealing time of the p-MOSFET
<111> irradiated with Efield T
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8. Annealing study of oxide charge and interface traps

8.2. Annealing dependence of N,,, N; and D,

The key to separating the contributions of oxide and interface trap charge using the subthreshold current
technique is based on the assumption that radiation-induced interface traps are charge neutral at midgap [85,
104]. This assumption is generally consistent with electron-spin-resonance measurements [96], as well
as capacitance-voltage [102, 112] and conductance studies [168] performed on MOS capacitors. However
doubts have been raised in Ref. [169] about the accuracy and the applicability of this assumption. The answer
is presented below, as the subthreshold current technique provides a consistent description of the long-term
annealing response of the irradiated p-MOSFET, which strongly supports the validity of the midgap charge
neutrality. The annealing dependence of the fixed oxide charge density N,,, the interface trap density Ny
and the energy distribution of the interface traps D; is extracted from the p-MOSFET <111> irradiated with
Efic14 pointing 1 from the Si into the SiO; to a dose of 16.61 kGy. In Fig. 8.5 (a) is presented the Ids(nge)

in log scale as a function of annealing time in the subthreshold region.
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Figure 8.5: (a) Ids(nge) in the subthreshold region, (b) Ids(nge) in strong inversion and the parametrization
model fit used to determine the threshold voltage, V3, as a function of the annealing time of the p-MOSFET
<111> irradiated with Efield T

The subthreshold slope (stretchout) of the curves stays approximately constant and V;, shifts to the positive
direction as the annealing time increases. Using the midgap method, the midgap voltage, V,,,, is determined
after the calculation of the midgap current, /,,¢, for each subthreshold curve. The calculated /,,, and extracted
Ving values are presented in Table 8.2. The fixed oxide charge density, N,,, is calculated from the Eq. 6.18.
The Vj; "stretchout"” is related to the presence of donor traps between midgap and threshold and calculated

from Eq. 6.19, where the interface trap density, Ny, is calculated from Eq. 6.20 with (—) for n-bulk Si.

The annealing dependence of V;;, V¢ and Vj; is presented in Fig. 8.6 (a) and the calculated N;{ ! , N, and
N;; in Fig. 8.6 (b) for the p-MOSFET <111> irradiated with Ef;.;4 T
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8. Annealing study of oxide charge and interface traps

Charge separation results as a function of annealing time of the p-MOSFET <111> irradiated

Table 8.2

with Efield T
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Figure 8.6: (a) Gate voltage and, (b) Oxide charge density as a function of annealing time of the p-MOSFET
<111> irradiated with Efield T

Vin shifts from = —19.9 V after 16.61 kGy X-ray dose, to = —11.5 V after 256 hours annealing at 60 °C.
The contribution of V,,,; and Vj; to the net shift is from —12.0 Vto —6.2 V and from ~ -7.9 Vio~ -5.3V
respectively. The decrease in V};, is explained by the additive effect of positive charge decrease of interface
traps and positive fixed oxide charge decrease to the total net V;;,. The N7 decreases from ~ 1.7-10'2 cm 2
to ~ 9.4-10"" em~2, N,, decreases from ~ 9.9-10'"' cm™? to ~ 4.9-10'"! cm™? and N; decreases from

~67-10'ecm 2t0o~4.5-10"1 ¢cm 2.

In particular N, decreases linearly with logarithmic time while V;; remains significant. The N, neutraliza-
tion can be accelerated by elevating the annealing temperature [106, 137]. However high annealing temper-
atures remove all of the trapped holes also remove most or all of the interface traps [194] and no conclusion
about the midgap charge neutrality can be extracted. A significant interface trap density still remains after
annealing of 256 hours at 60 °C and the oxide charge can be extrapolated to its pre-irradiation value, as
shown in Fig. 8.7. The small decrease of interface trap density as a function of logarithmic time, probably
is related to the presence of "donor-like"” border traps in the subthreshold region. Unfortunately the effective
frequency (= 1 Hz) of the I-V measurement does not allow a further separation between border and interface

traps. These results support the idea that the radiation-induced interface traps are charge neutral at midgap.

Similar to the analysis in Ch. 6, the V!

eat .(05) between midgap and threshold is determined after solving the

non-linear equation I;%¢“(¢,) — I, = 0. The solution gives the surface potential values, ¢y, and the V., (¢;)
as a function of annealing time and is presented in Fig. 8.8. The slope of the Véf;te(q)s) curves shows a small
decrease as a function of annealing due to the small decrease of the interface trap density. The density of
interface traps as a function of surface potential, D (¢), is calculated from Eq. 6.17 and presented in Fig. 8.9
(a). In addition, the energy distribution of interface traps, D;(E; ), where E; = go(¢s — @) is calculated from
the middle of the Si bandgap is presented in Fig. 8.9 (b). The D; in the midgap position decreases from
~7.0-102 eV lem 2 to ~ 3.0- 102 eV lecm 2. At the energy of 0.28 eV below midgap (threshold) the
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Figure 8.7: (a) Gate voltage and, (b) Oxide charge density as a function of X-ray dose and annealing time
of the p-MOSFET <111> irradiated with E ;¢4 1.

decrease is from ~ 5.0-10'2 eV lem 2 to ~ 2.6 - 10'? eV ~lcm 2 up to 256 hours annealing. The average
value of Dy in the energy range between midgap and threshold decreases from = 2.8 - 10'? eV~ lem 2 to
~ 1.8-10' eV lecm 2 and is higher than the integrated interface trap density, N;;. The energy distribution
of interface traps shows a minimum 0.1 eV below midgap, £;, and then increases towards the valence band
edge, Ey. The half "U" shaped distribution of traps, in the lower part of the Si bandgap with a "peak” at

midgap remains also after annealing of 256 hours at 60 °C, as shown in Fig. 8.9.
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Figure 8.8: Gate voltage as a function of surface potential in the subthreshold region as a function of
annealing time of the p-MOSFET <111> irradiated with E;,5 1.
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Figure 8.9: (a) D;; as a function of the surface potential and, (b) Energy in the Si bandgap as a function of

8.3. Summary

annealing time of the p-MOSFET <111> irradiated with E;,5 1.

In this chapter the annealing of oxide charges and interface traps for the p-MOSFET irradiated to a dose of
about 17 kGy with an electric field of approximately 500 kV/cm pointing from the Si into SiO, has been
studied. The annealing was made at 60 °C in different time steps up to 256 hours. It is found that the

density of oxide charges decreases approximately linearly as a function of the logarithm of the annealing

time, whereas the density of interface traps and the charging and discharging of border traps remains ap-

proximately constant. Also the mobility remains approximately constant, which confirms the observation

that the interface traps do not anneal. The results are compatible with the assumption of the midgap charge

neutrality, which is used for the extraction of the interface trap density from the subthreshold current.
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9. Critical evaluation of the subthreshold current tech-
nique

In this chapter, the validity of the midgap method to determine the oxide charge and interface trap density is
examined for different drain-source values, Vg, in the linear region. In addition, are presented the influence
of the gate voltage ramp rate, V,,,, on the extracted parameters, the comparison between midgap and
subthreshold swing method and the influence of the surface current on the drain-source current below strong

inversion.

9.1. Evaluation for different drain-source voltage and ramp rate

Evaluation for different V;; values In order to apply the subthreshold charge separation technique and in
particular the midgap method, the drain-source voltage V,;; can be set for either linear or saturated operation

in inversion [161]. If V,; is set for linear operation, the condition V5 > kT /g must be satisfied.
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Figure 9.1: (a) Ids(nge) in the subthreshold region, and (b) Ids(nge) in strong inversion and the
parametrization model fit used to determine the threshold voltage, V;;, for different Vj; values of the n-
MOSFET <100> irradiated with E;.;4 | at 1.25 kGy X-ray dose.
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9. Critical evaluation of the subthreshold current technique

Table 9.1: Charge separation results for different V;; values of the n-MOSFET <100> irradiated with E ;04
1 at 1.25 kGy X-ray dose.

Vs [mV] 50 100 200
Vace [V] —55.0 —55.0 —55.0
Vi [V] 25.0 25.0 25.0
Efie1a [kVicm] —590.3  —590.0 —590.9
Ho [em2/(Vs)] 562.5 562.7 562.7
Ing [PA] 4.66 4.66 4.66
Vi [V] —13.68 —13.70 —13.64
Ving [V1 —256 258  —-26.0
Vi [V] 11.92 12.10 12.36
N 11019 em 2 414 415 413
Nox [1010 cm—2] 77.2 77.8 78.4
Ny [1010 em™2) —35.8 -363  —37.1
Dy [102evlem™?] 131 1.29 1.26

In the analysis of Chs. 6,8, was chosen V;; = 50 mV, where at room temperature V;; ~ 2kT /qo. The V5 =
50 mV was selected in order to avoid short channel effects and large drain to substrate currents. So the
validity of the method has to be checked for higher V. The fixed oxide charge density, the interface trap
density and the energy distribution of interface traps are extracted from the n-MOSFET <100> irradiated
with Ef.jq pointing | from the SiO; into the Si at 1.25 kGy X-ray dose. In Fig. 9.1 (a) is presented the

Ids(nge) in log scale for different Vy; values in the subthreshold region.

The increase of the 1, in the subthreshold region for higher V,;; values is related to the increase of the junction
current between drain and substrate, which is measured as drain-source current at the source electrode. Using
the midgap method, the midgap voltage, V,,, is determined after the calculation of the midgap current, /,,,,

for each subthreshold curve. The mobility ty values extracted in strong inversion, the data shown in Fig. 9.1
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Figure 9.2: (a) Gate voltage and, (b) Oxide charge density for different V;; values of the n-MOSFET <100>
irradiated with E;.q | at 1.25 kGy X-ray dose.
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Figure 9.3: Gate voltage as a function of surface potential in the subthreshold region for different V,;; values
of the n-MOSFET <100> irradiated with E ;.4 | at 1.25 kGy X-ray dose.

(b), are used for the calculation of 1,,,. As presented in Table 9.1, Ly is found to be independent of Vy;, so

the calculated I, is constant and the extracted V,,, values show a difference of 0.2 V.

The fixed oxide charge density, Ny, is calculated from Eq. 6.18. The Vi "stretchout” is related to the
presence of acceptor traps between midgap and threshold and calculated from Eq. 6.19, where the interface
trap density, Ny, is calculated from Eq. 6.20 with (+) for p-bulk Si. The V;, dependence of Vy;, V,,, and
Vi is presented in Fig. 9.2 (a) and the calculated fo f , Nox and Ny in Fig. 9.2 (b) for the n-MOSFET
<100> irradiated with Ef;.;4 | at 1.25 kGy X-ray dose. In particular, no V;; dependence is observed for the
extracted parameters. Similar as presented in previous chapters for n-MOSFET, the contribution of interface

traps and fixed oxide charge is explained by the subtractive effect to the net V. In order to determine the V;
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Figure 9.4: (a) D; as a function of the surface potential and, (b) Energy in the Si bandgap for different V;
values of the n-MOSFET <100> irradiated with E s | at 1.25 kGy X-ray dose.
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dependence on the Dy, the V;Zte(q)s) between midgap and threshold is determined after solving the non-linear
(¢,) for different

(¢5) to higher potential values with the increase of V;,

equation / 5‘5“‘1 (¢5) —Izs = 0. The solution gives the surface potential values, ¢;, and the Véf;t .
Vas values presented in Fig. 9.3. The shift of the Véf;t .

is related on the increase of the quasi-Fermi level of the channel electrons. The density of interface traps as
a function of surface potential, D; (), is calculated from Eq. 6.17 and presented in Fig. 9.4 (a). In addition
the energy distribution of interface traps, D;(E; ), where Ej; = qo(@s — ¢p) is calculated from the middle of
the Si bandgap is presented in Fig. 9.4 (b). The shift is also presented in the calculation of Dj (@) or Di(Ej)
due to the effect on V!

gate (‘PS)

Evaluation for different voltage ramp rates According to Refs. [102, 129] the calculation of interface
trap density from MOS capacitors (Capacitance-Voltage measurements) shows a gate voltage ramp rate,
Viamp- dependence. It is observed that the "stretchout"” of these C-V curves from midgap to inversion strongly
depends on the ramp rate used to measure the curve. The "stretchout” increases with the reduction of the
Viamp» due to the larger number of interface states that respond between midgap and inversion. In order to
check the validity of the midgap method and the influence of the results presented in previous chapters on
Viamp, three ramp rate values, 0.87, 0.93 and 1.01 V/s, were tested on the n-MOSFET <100> irradiated with
Efic1a | to 1.25 kGy X-ray dose. The V;, dependence of Vi, V,,,¢ and V;; is presented in Fig. 9.5 (a) and the
calculated fof, N,y and Ny in Fig. 9.5 (b) for V;; = 50 mV.
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Figure 9.5: (a) Gate voltage and, (b) Oxide charge density for different V,,, values of the n-MOSFET
<100> irradiated with Ef;o;4 | at 1.25 kGy X-ray dose.

No V,unp dependence is observed for the selected ramp rates in the slow regime. For the calculation of
Dy, the Véf;te(q)s) between midgap and threshold is determined for different V,,,, values and presented in
Fig. 9.6 (a). The curves are identical, which verifies that there is no V,,,,, dependence of the subthreshold
"stretchout” in the slow ramp regime. Also, the energy distribution of the interface traps, Dj(Ei ), for the

three different V,,,,, values are identical, as shown in Fig. 9.6 (b).
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Figure 9.6: (a) Gate voltage as a function of surface potential in the subthreshold region and, (b) D;; as
a function of energy in the Si bandgap for different V,,, values of the n-MOSFET <100> irradiated with
Efielq | at 1.25 kGy X-ray dose.

9.2. Evaluation of midgap and subthreshold swing method

9.2.1. The effect of charge lateral nonuniformities

In this paragraph the two methods of the subthreshold charge separation technique are compared on the
post-irradiation response of the n-MOSFET <100> irradiated with E ;4 |.. As described above, the primary
method used to analyze the MOSFETSs was the midgap method, similar to the high frequency Terman anal-
ysis [170, 187]. The main idea of the method is the mapping of the surface potential to the gate voltage
Viate» by calculating the subthreshold current as a function of the surface potential, / 5‘5“‘1(%). By solving
the non-linear equation / ﬁeal((])s) minus the measured /5, the calculated subthreshold current is related to
the measured I;,(Vgase ), for the appropriate surface potential ¢;. Recording the V., which resulted in the
measured Iy, the Veu.(¢s) is mapped in this way. Then, using Eq. 6.17 the D;(¢;) is calculated over a
limited region of the Si bandgap. The analysis assumes that the interface traps are acceptors in the upper
part of the bandgap and donors in the lower [96, 161, 187]. While this assumption remains an area of argu-
mentation [168, 169, 187], the increase in the "stretchout” of the subthreshold curves indicates the increase
in the number of interface traps between midgap and threshold, independent of the validity of the assump-
tion. However, also charge lateral nonuniformities LNUs can cause a "stretchout” similar to that caused by
interface traps [135, 161, 195-197]. As a result, the voltage shift due to interface traps is overestimated.
LNUs are differences in the oxide charge density at different locations on the Si-SiO, interface along the
channel. The surface potential is directly affected by the LNUs. Irregularities of the surface potential across
the MOSFET channel can cause preferred current paths, so that at given surface potential the channel is
not conducting uniformly. The effect of LNUs on a MOSFET channel can be simulated as many parallel

transistors all with different threshold voltages but identical subthreshold curves, as presented in Fig. 9.7.
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9. Critical evaluation of the subthreshold current technique

In Figs. 9.7 (a) and 9.7 (c) the different regions at the Si-SiO, interface are split into a group of parallel
transistors, each associated with a different amount of oxide charge. Fig. 9.7 (a) presents curves where the
differences in the oxide charge are large and Fig. 9.7 (c) presents curves where the oxide charge is more
homogeneous. Fig. 9.7 (b) presents the composite subthreshold curves resulting from these two groups of
parallel transistors. The regions with high oxide charge density will "turn on" at a lower gate voltage than
those regions with lower oxide charge densities. The net effect is a "stretchout” of the subthreshold curves.
The case with the larger LNU results in a reduction of the composite subthreshold slope and an increase of
the subthreshold swing [135].

(@) (b) (©)

V.

gate

V.

gate

V.

gate

Figure 9.7: Schematic representation of the effect of lateral nonuniformities LNUs in trapped charge on the

shape of the subthreshold curve. (a) Hypothetical set of curves of parallel transistors with significant LNUs,

(c) Comparable case where LNUs are less serious, and (b) Resulting composite curves obtained from the
parallel transistors (a) and (c). Figure adapted from [135].

The creation of LNUs are radiation bias, dose rate, and energy dependent. Low energy high dose rate
radiation such from an X-ray source seem to produce greater LNU effects than Co® radiation [135,161]. The
effects of LNUs appear to anneal at room temperature in relatively short times, less than an hour [135,161],
however are more stable at cryogenic temperatures [195]. LNUs in irradiated MOSFETSs can be identified
by annealing of the interface traps (reduction of subthreshold swing) at room temperature at early times
after irradiation. For this reason in Ch. 6, the subthreshold current technique and in particular the midgap
method has been applied on the last part of the post-irradiation cycle, in the subthreshold curves after a few
hours biasing in both states ("on" and "off"). In addition, the increase of interface traps after irradiation is
compatible with the decrease of the mobility of holes and electrons at the Si-SiO; interface, as observed in
Ch. 5.

9.2.2. Comparison between midgap and subthreshold swing method

As a further check of the midgap method on the extracted density of interface traps, D;, the subthreshold
swing is calculated for curves of the n-MOSFET <100> irradiated with E;.;s |. As described in Refs. [28,
165,198] and in Ch. 6, the swing S is defined as the gate voltage needed to reduce the current by one decade,
as the current in the subthreshold region varies as ~ exp(go@s/kT). As shown in Fig. 9.8 (a), the subthreshold
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swing § as a function of Vg, for different X-ray doses is calculated for the n-MOSFET irradiated up to
6.61 kGy X-ray dose. The swing S, increases with X-ray dose due to the increase of interface traps between
midgap and threshold. The change in the density of interface traps ADj, as a function of the surface potential
05 [102,161,198] is calculated from

AS(¢5)Cox

ADi () = = 7o

9.1
where AS(¢;) is the difference between the pre- and post-irradiation subthreshold swings. In Fig. 9.8 (b) is
presented the AD;; as a function of the surface potential for different X-ray doses, calculated from the midgap
method (points) and the subthreshold swing method (line). The agreement between the two methods is
satisfactory. The swing S has been calculated in the same subthreshold region between midgap and threshold,
as used for the midgap method. The two methods have been applied on subthreshold measurements in the

forward direction of the last part of the post-irradiation cycle.
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Figure 9.8: (a) Subthreshold swing § as a function of V., data points and interpolation straight line of the
data and, (b) AD;; as a function of the surface potential, calculated from the midgap method (points) and the
subthreshold swing method (line) of the n-MOSFET <100> irradiated with E 4 .

9.3. Surface current contribution on the subthreshold curve

As indicated in Ch. 6 the validity of the subthreshold current technique depends on the diffusion current
which flows in the channel in the weak inversion. This current should not influenced from gate and substrate
leakages, other parasitic effects or surface current due to generation-recombination centers at the Si-SiOz
interface. However the extracted density of interface traps in the Si bandgap, presented in Ch. 6 shows an
increase of Dj as a function of X-ray dose in the midgap position both for n- and p-MOSFETs. A possible
explanation is that the surface current contributes to the subthreshold current in the drain-source current

measurement and influences the subthreshold swing of the curve. If this explanation is correct then the
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increase of D; in the midgap position as a function of X-ray dose, is related to the higher contribution of
surface current and not to a real effect as the interface traps are assumed to be amphoteric. In Figs. 9.9 (a)

and (b) is shown the cross section and the biasing scheme for the drain-source current and the surface current
measurement respectively.
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Figure 9.9: Cross section and biasing scheme of (a) drain-source current and (b) surface current measure-
ment of the p-MOSFET <111>.

In Fig. 9.10 (a) is presented the D;(¢,) as a function of X-ray dose of the p-MOSFET <111> irradiated with
Efic1a |, the Dj; in the midgap position, Ej, decreases from ~2.0- 102 eviem 2 to~ 6.0-10" eV lecm ™2

and for the last irradiation steps increases up to ~3.5-10'? eV lem 2.
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Figure 9.10: (a) D; as a function of the surface potential before and after X-ray irradiation and, (b) Current
measurement I, as a function of V4, after 16.61 kGy X-ray dose of the p-MOSFET <111> irradiated
with E fieq |-
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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 V;; = —2 V on drain-source, reverse voltage V,4in = —2 V

on drain with source floating and reverse voltage V,,ce = —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-SiO; system on high-ohmic material has been investi-
gated. The densities of the oxide charge N,,, interface traps NV; and border traps at the Si-SiO; 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 Ef;.q normal to the Si-SiO; 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 Ef;.;4 according to TCAD simulations at the Si-SiO»
interface in segmented silicon sensors under normal operation. In addition, annealing results of N, N;; and

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

The experimental techniques used to extract the N,, and N;; 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 SiO,, for the n-type Si, the
N,y increases due to the increase of radiation-induced hole traps with increasing X-ray dose. However, for
the p-type Si, the N,, increases only up to 610 Gy and then decreases due to two electric field directions in
the SiO; (charge neutralization effect). When the electric field direction during irradiation is pointing from
the SiO, into the Si, for the n-type Si, the N,, increases up to 1.61 kGy and then decreases. In a similar
way for the p-type Si, the N, 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 SiO, was confirmed when a

negative gate voltage was chosen during irradiation.

An increase of the N; has been observed for all the conditions. However, MOSFETSs 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 ;4 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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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 SiO, 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 N,
Nj; 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 N,., N;; and charging and discharging of the border traps.
The results predict a spatial nonuniformity of the radiation-induced oxide charges at the Si-SiO, interface
in segmented silicon sensors due to the position-dependent electric field in the SiO; and at the Si-SiO;

interface.
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