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1.3 Working Principle of a Silicon Tracking Device 25
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Fig. 1.19 A 3D schematic is sketched. It shows the baseline of the CMS sensor at the LHC in
2008, but could represent basically any single-sided AC-coupled, Rpoly biased sensor. In operation,
the bias ring is connected to GND potential, which is then distributed to the p+ implant strips,
while the Al backplane is set to positive high voltage depleting the full n-bulk volume by forming
a pn-junction p+ strip to n-bulk. The coupling capacitor is defined between aluminium strip and
p+ implant, the inter-strip capacity between neighbouring strips (both p+ and Al part). The guard
ring shapes the field at the borders. The n++ ring defines the volume and prevents high field in the
real cut edge regions

All individual isolated strips need to be at the same potential. This is realized in
one of three different ways, illustrated in Fig. 1.20, although nowadays the polysili-
con method is most utilized.15
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Fig. 1.20 There are three ways to bias an AC-coupled sensor plus a fourth one for a DC-coupled
device. The punchthrough and FOXFET biasing are the easiest ones but not as radiation hard as
the polysilicon resistor, which is more or less the current standard. A photo of a polysilicon resistor
can be seen in Fig. 1.28. In addition, a DC-coupled device can be biased via the connections to the
electronics, representing the ground potential

15 Punchthrough and FOXFET biasing is less radiation hard, it can be imagined for the future
International Linear Collider (ILC).
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- Surface effects influence the stability and the charge collection 
properties of segmented Si sensors

- Understanding and simulation of surface effects requires 
knowledge of many parameters 
→ Methods have been developed to measure them
→ Parameter depend on technology (vendor)
→ needs characterization

- Simulation can help to optimize designs and avoid „mistakes“

Parameters determining the effects?
-Qos: outer surface charge distribution →     
o.s. resistivity Rsq → time dependence

-Qox:  “oxide” charge density → technology 
+ surf. damage + time dependence

-Qborder: border trap density → technology 
+ surf. damage + E-field + time dependence

-Qit: interface trap density → technology + 
surf. damage + EFermi@interface

and boundary conditions for simulations
n+
Al

n-Bulk

p+ p+ p+ p+SiO2
passivation passivation

Al Al

Qos Qox

Qborder Qit

os = outer surface

Vbias

Where to put the 
boundary conditions?
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Surface damage effects
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- Breakdown voltage of a Sintef p+-n guard 
ring decreases with X-ray dose from 800 V 
at 0 Gy to 200 V at 100 MGy
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Example:

Problem:
- AGIPD p+-n pixel sensor for the European 

XFEL requires operation in vacuum and a 
breakdown voltage of above 900 V for 
doses between 0 G and 1 GGy

- Measure parameter using test structures
- Simulate impact on sensors
- Verify simulations with measurements on sensors
- Use simulations to optimize the sensor design 

Strategy of the optimization for 
radiation hardness:

Can such an approach converge? 

(an infinite loop ?)
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      Oxide charges, interface traps and border traps
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Mobile Ionic Charge: usually not an issue anymore

Mobile ionic charge (Qm)Na+ K+

Oxide trapped charge (Qot)

Interface-trapped charge (Qit)

Fixed oxide charge (Qf)

Metal

Si

SiOx

SiO2

Border traps

Oxide traps

≈ 3 nm

• Oxide trapped charges (Nox): 
- Mainly positive oxygen-vacancy defects

      (one shallow trap → hole transport,  
         + one deep trap E’γ  @~3 eV)  saturation: 
            h-trapping = eh-recombination

• Border traps (“+/-” to Nox): 
- E’γ defect can exchange charge with Si 

depending on Fermi-level on time scales 
> 0.01 s to seconds

• Interface traps (Dit*)): 
- Traps at interface (no barrier !)

      dangling bond defects (Pb)            
- No. limited by no. of dangling bonds
- Charge state dep. on surface potential

*) Distribution of traps in the Si 
bandgap:

  Dit [(eV·cm2)-1]
A complex many parameter problem
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Defects by ionizing radiation
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Simplified model of formation: 
- Ionizing radiation produces electron-hole 

pairs in SiO2
- Fraction of electron-hole pairs recombine
- Remaining electrons escape from SiO2      

[μe ∼ 20 cm2/(V•s)]
- Remaining holes will move toward the                                  

Si-SiO2 interface [μh ≤ 5•10-5 cm2/(V•s)]

1. Oxide trapped charges: Nox

2. Interface traps: Dit(E)
➡ Surface current

from T.P. Ma and Paul V.  Dressendorfer, „Ionizing Radiation 
Effects in MOS Devices and Circuits“, Wiley 1989

• Details depend on:  Oxide thickness,  growth 
and annealing, dose, dose rate, electrical field 
temperature, crystal orientation

x

E

• Also electron can be trapped (cross-section ≈ 10-17 cm2 )

3108 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 53, NO. 6, DECEMBER 2006

Fig. 10. Fractional yield of holes generated in SiO as a function of electric
field in the material [14], [15].

as the local electric field increases. It is generally believed that
electrons, having a much higher mobility than holes in oxides,
are rapidly swept out of the dielectric [17]. The surviving holes
will undergo polaron hopping transport via shallow traps in the
SiO (process 3) [17]. A fraction of these transporting holes
may fall into deep traps in the oxide bulk or near the Si/SiO
interface, thereby forming trapped positive charge (process 4a)
[17]. The hole trapping efficiency is also a function of the
electric field in the oxide [10]. The trapped hole defect may,
depending on its proximity to the interface, exchange charge
with the underlying Si via electron tunneling [18], [19]. Reac-
tions between holes and hydrogen-containing defects or dopant
complexes can also lead to the formation of a second type of
ionization defect: the interface trap (process 4b) [20], [21]. The
following two subsections provide a more detailed discussion
of the nature of oxide trapped charge and interface traps.

B. Oxide Trapped Charge

1) Nature of Defects: Oxide trapped charge is typically net
positive due to the capture of a hole in neutral oxygen vacancies
and the subsequent formation of oxygen vacancy defects, or E’
centers [22]–[27]. There are primarily two types of E’ defects:

’, and ’. The ’ center is a “dimer” vacancy, which forms
a relatively shallow trap for holes in the oxide. Most of the ’
centers have energies located in the SiO bandgap within 1.0 eV
of the oxide valence band [25]. The shallow trap level of the ’
makes it a good candidate for the defect type responsible for
hole transport through SiO (process 3) [25]. The ’ center is
a significantly deeper trap then the ’ defect, residing at energy
levels greater than 3 eV above the oxide valence band [23], [25].
While ’ centers may be located throughout the oxide, most
are found near the Si/SiO interface [17]–[19].

Both types of E’ centers can exchange charge with an adjacent
Si layer [23]. The ability of the E’ defect to “communicate” with
the Si is a strong function of its proximity to the interface [18].

E’ centers that readily capture carriers from or emit carriers to
the adjacent Si are often called border traps or switching states.
They are generally located within 3 nm of the Si/SiO interface
and can exchange charge via electron tunneling on time scales
of microseconds to seconds [18], [19]. ’ centers located at
distances greater then 3 nm from the interface (i.e., in the oxide
bulk) may capture and emit carriers, but the probability of this
process occurring is low. Thus, ’ defects in the oxide bulk
are generally treated as fixed (i.e., bias independent) positive
oxide charge . Removal or compensation of may re-
quire elevated temperature and/or biased anneals over relatively
long periods of time. A schematic illustration of the location of
border traps (switching states) and oxide trapped charge (fixed
states) in the MOS system is illustrated in Fig. 11. The buildup
of in an oxide can be expressed as [28], [29]

(4)

where is the total ionizing dose deposited. As (4) shows,
is proportional to the thickness of the oxide.

2) Impact on CMOS DC Response: Fixed oxide trapped
charge can have a significant impact on the dc parameters
of CMOS devices and integrated circuits. One of the most
important and well-studied effects is the negative shift in the
dc drain current versus gate-to-source voltage for both n-
and p-channel MOSFETS. This effect is illustrated in Fig. 12.
The figure shows that for a fixed , the radiation-induced
buildup of shifts the bias point more negative (i.e., by

). In n-channel MOSFETs, this shift leads to a reduction
in threshold voltage and an increase in off-state and drive
currents. In p-channel MOSFETs, increases negatively,
while off-state and drive currents are reduced.

Radiation-induced dc voltage shifts can be calculated using
the following equation:

(5)

where is the dielectric constant of SiO and is the permit-
tivity of free space [5]. Given (4) and (5), the theory predicts that
negative threshold voltage shifts caused by fixed oxide trapped
charge buildup are proportional to the square of oxide thickness,
i.e.,

(6)

This theoretical relationship has been verified through nu-
merous experiments [29]. The relationship in (6) indicates that
as the gate oxides of advanced CMOS technologies are scaled
to thinner dimensions, the threat of shifts in dc parameters due
to buildup in the gate oxide is reduced [30], [31]. Instead,
hole trapping in the thicker shallow trench isolation dielectrics
is now a greater radiation threat in modern CMOS technologies.
Typical STI trenches are much thicker than gate oxides. For
advanced CMOS technologies the thicknesses range from 300
to 450 nm [32]. The impact of fixed positive oxide trapped
charge buildup in STI structures will be discussed in detail in
the third section of the paper.

e-h pairs
created
by ionizing 
radiation

proton
release

proton
transport

SiSiO2

Not: deep hole

trapping (E')
near interface

hopping transport of
hole through localized
states in bulk SiO2

H+

Gate

Nit: interface trap

formation (Pb)

For simulations frequently used: 
- Position-independent effective oxide charge density Noxeff [cm-2] 
- Position-independent surface recombination velocity s0[cm/s] (or 

Jsurf [A/cm2]   where Si-SiO2 interface is depleted )
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   Measurement: Oxide-charge density (Nox)
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Dose dependence of oxide-charge density

10min@80°C

- X-ray radiation damage of Nox saturates at high dose 
- O Gy: Nox for <111> » than for <100>         

higher dose values: difference is getting smaller
- For different vendors the values are within a factor ±2

C/G-V+TDRC for MOS-C (from 4 vendors, <100> and 
<111>, surface damage by X-rays (0 - 1 GGy), no E-field)

How to obtain reproducible results ? 
 (1) Annealing at 80°C for 10 min 
 (2) Stop voltage scan before strong inversion 

Analysis method: 
- TDRC spectra → Niti 
- Electric model → shape C/G (V,f)
- Shift along voltage axis→ Nox

MOS Capacitor

3.3. Effects on MOS

Cox

Cd
Ci
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it

Cbulk
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Figure 3.3.4.: Equivalent circuit model of the MOS capacitor with 3 interface traps includes.

interface traps.
The TDRC measurements were done typically by applying a bias voltage of V

ch

D 0V
at room temperature and cooling slowly down to a temperature of  30 K. During cooling
down a charge of N

acc

D C
ox

.V
ch

� V
FB

/=q, where V
FB

is the flatband voltage at room
temperature, will be stored in interface traps. At the low temperature the voltage is changed to
V
sw

which was chosen as the voltage where the 1 kHz and 10 kHz C -V starts to merge. In the
example for the AGIPD MOS-C in Figure 3.3.3 the temperature was 10 K and V

sw

D �15V.
After a waiting time of⇡ 30 s during which the electrons from the silicon bulk and from traps
close to the conductance band are released, the MOS-C is heated up with a constant heating
rate ˇ which was usually 0.183 K/s and the TDRC signal recorded. For the AGIPD MOS-C
irradiated to 10 kGy the spectrum is shown in Figure 3.3.5 as the red curve. The signal shows
the typical characteristics for h100i crystal orientation observed in [14]. The current starts to rise
at a certain temperature, in this case around 80 K, linearly increases with temperature around
200 K, showing a pronounced peak at around 230 K and then drops at 250–260 K. The number
of electrons per unit area which have been release during heating up is

N
t

D 1

qˇA
g

Z
T

1

T

0

I
TDRC

.T / dT (3.3.14)

where A
g

is the gate area and T
0

, T
1

the start and end temperature. In Figure 3.3.5 also shown
is the case with V

ch

D 5V where a signal below 100 K can be seen, which means that using
V
ch

D 0V did not fill all available interface traps.
The drop to zero of the signal at⇡ 260 K is related to the bias voltage used during heating up.

As the sample is heated up the energy level from which electrons are emitted is moving down

57

Model
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          Measurement: Surface-current (Jsurf)
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I-V  measurement of irradiated GCD

10�1 100 101 102 103 104 105 106

Dose [kGy]

0

1

2

3

4

5

6

7

8

Su
rf

ac
e-

cu
rr

en
td

en
si

ty
[ù

A
/c

m
2

]

CiS-<111>-360 nm SiO2 + 50 nm Si3N4
CiS-<111>-335 nm SiO2
Hamamatsu-<100>-700 nm SiO2
CiS-<100>-330 nm SiO2 + 50 nm Si3N4
Canberra-<111>-250 nm SiO2
Sintef-<100>-750 nm SiO2
Sintef-AGIPD-<100>-250 nm SiO2

Dose dependence of surface-current density

10min@80°C

Gate controlled diode „GCD“

Surface-current densities peaks at 1- 10 MGy and then decrease
(max. value:  Jsurf = 1.5 - 6 μA/cm2)

I-V for Gate Controlled diodes 
(GCD) (from 4 vendors, <100> and 
<111>, surface damage by X-rays (0 
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14. Test-Structures and Measurement Techniques

Figure 14.1: Schematic drawings of the gate-controlled diode: cross section with
measurement techniques (left) and top view (right).

After the irradiation of the gate-controlled diodes, C/V and I/V measurements were
performed in the laboratory within four hours of the irradiation. For the last irradiation
campaign, the time between beam exposure and measurement was significantly
reduced, and the gate-controlled diodes were otherwise stored at �30� C to prevent
annealing effects occurring at room temperature. The devices used in the last campaign
were also studied in TDRC measurements and with respect to their properties after
temperature induced annealing.

All employed measurement techniques are described in more detail in the following
section.

14.2. Measurement Techniques

14.2.1. Capacitance versus Voltage (C/V) Measurements

In this analysis, the C/V measurements were performed using the HP 4284A capacitance
bridge2. The bridge measures the admittance Y, respectively the impedance Z = Y�1,
of a device as function of the voltage Vgate by modulating Vgate with a small-signal
variation of frequency fAC and amplitude VAC. By associating the device with a
equivalent parallel circuit3 of a capacitance Cp and a resistor Rp, the admittance
can be expressed as Y = G + j 2p fACCp, where the real part, G = 1/Rp, denotes
the conductance and the imaginary part divided by 2p fAC provides the (parallel)
capacitance.

Figure 14.2 shows an example of a C/V and G/V measurement on an unirradiated
sample at four different frequencies4 with VAC = 0.05 V.

2The HP 4284A bridge was later replaced by an Agilent 4980A; for more details regarding the electrical
setup for the C/V and I/V measurements, see [190].

3An alternative representation is a equivalent serial circuit of a serial capacitance Cs and a resistor Rs;
both are equivalent representation of the complex values measured and can be transformed from one
to another [191].

4The frequency is continuously being switched between the different values while the gate voltage is
ramped up, therefore allowing to measure the curves at all frequencies in one go.

164
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AGIPD guard ring optimization

9

Strategy of guard-ring (GR) optimization: 
- Use measured Nox and s0 
- Study breakdown behavior of 0 GR (CCR only) as function 

of junction depth, oxide thickness and Al overhang
- Estimate number of floating GRs for 1000 V
- Vary spacing between rings, implant width and overhang to 

achieve maximum  Vbd 

 →max E-field between individual GRs the same
- Minimize space

Jörn Schwandt  University of Hamburg Hamburg 19.06.2014

GR0 Nox = 2E12

65
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Optimized GR design:

Radiation hard design needs dedicated optimization based on proper simulation

4.6. Guard ring optimization
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Figure 4.6.13.: Electric field at the Si-SiO
2

interface vs. position for N
ox

D 2 � 1012 cm�2 and d
j

D
1:2µm.

from 1 � 1010 to 1 � 1012 is shown. For N
ox

D 1 � 1010 cm�2 the electron density at the Si-SiO
2

interface is 3 � 1014 cm�3 and the potential at the interface reaches the value of the applied
bias at x D 138µm. Consequently the depletion region at the interface is⇡ 138µm wide. For
N
ox

D 1 � 1012 cm�2 the electron density at the interface is 2:3 � 1018 cm�3 and the depletion
width is reduced to 8µm. Optimizing the guard ring structure for the highest oxide charge
requires therefore a very narrow spacing of the rings. At low oxide-charge density the inner
rings will be in punch-through conditions and thus contribute little to the overall voltage drop.
As will be discussed in the next section without special care the depletion region can in this case
reach the cut edge.

The necessity to reduce the oxide thickness in order to achieve a high breakdown voltage at
high oxide charges, has the danger of increasing the electric field in the oxide, in particular at the
metal overhang. For example for the 250 nm thick oxide with a junction depth of d

j

D 2:4µm
and N

ox

D 3 � 1012 cm�2 at 80 V, which is close to the breakdown voltage, the mean electric
field strength at the edge of the overhang in the oxide is around 2.3 MV/cm. Such a high electric
field raises the question of the long-term reliability of the sensor as the dose at which the oxide-
charge density begins to saturate, depending on the irradiation scenario is achieved relatively fast
compared to the planned 3 years of operation. The dielectric breakdown strength of thermally
grown SiO

2

is around 8-10 MV/cm [129] but due to the statistical nature of oxide breakdown a
wide variability of breakdown distributions are typically found. Even if the applied fields are
less than the dielectric breakdown strength, the question is whether this stress together with

97
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CCR current CCR current

tox=400 nm
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tox=600 nm
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       What is missing - under study
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Relevant E-field from simulation of sensors 3 nm from SiO2

➡ local transverse fields up to ~300 kV/cm positive and/or negative

Accurate determination of Dit from MOS-C:
- Interface traps are continuously distr. in energy 
- High-ohmic substrate + irradiation
→ Standard methods usually are not applicable 

- TDRC spectra difficult to interpret 
- Further investigations are required

TDRC spectra 
(5 MGy)

So far assumed that Nox and Dit are independent of 
E-field during irradiation and of biasing condition
➡ Crude approximation because

1) Build up of Nox and interface traps depends on E-field
2) Charge of interface traps depends on surface potential 
3) Surface currents depend on presence/absences of charge layers
4) Charging up of oxide during irradiation (ignored)

➡ Needed for understanding of sensor performance:
- Irradiation under bias (i.e. different E-fields at Si-SiO2 interface)
- Determination of parameters during and shortly after 

irradiations under bias
- Annealing

Al 
p+ 

SiO2 
n-Si 

SINTEF 
p+n-pixel 
sensor 

at 1000 V 

105 

ET-field@Si-SiO2 interface
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Problems in extracting parameters I

11

Parameters required for accurate simulations: 
- Oxide charges density Nox [cm-2]
- Interface traps density distribution  Dit [(eV·cm2)-1], type (acceptor, donor, amphoteric), 

electron and hole cross sections
- Border traps: concentration, energy levels,  type and cross sections, 

Assumption which are made in the current analysis:
- All interface traps are acceptor  → max. Nox 

- Interface traps communicate only with CB → no hole cross sections
- 1D electrical model of MOS-C
- TDRC (Thermal Dielectric Relaxation Current)

- Bias MOS-C in e-accumulation at 0 V
➡fill interface traps with electrons

- Cool to ~10 K  
➡ freeze electrons in traps

- Bias to week inversion and heat up to 290 K
ITDRC(T)  → Dit(E) assuming only emission no surface generation

➡ Nox = Nit for the range of the band gap corresponding to 0V and voltage used for heating up

So far not achieved:
- Extract parameters from a MOS-C and reproduce the I-V curve of a GCD with TCAD
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3. Effects of X-ray radiation on the Si-SiO
2

system

A typical C -V -f measurement of a MOS-C produced by Sintef for the AGIPD (250 nm SiO
2

,
crystal orientation h100i, resistivity 7.9 k��cm) irradiated to 10 kGy (contacts floating) after
annealing for 10 minutes at 80ıC is shown in Figure 3.3.3. The measurement was performed
with a sweep rate of 0.11 V/s from accumulation to inversion (solid lines) and back (dashed
lines), and an AC voltage of 50 mV. The pronounced hysteresis effects are a clear sign for the
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Figure 3.3.3.: C -V measurement in parallel mode of a MOS-C produced by Sintef for the AGIPD
(250 nm SiO

2

, crystal orientation h100i, resistivity 7.9 k��cm) irradiated to 10 kGy
after annealing for 10 minutes at 80ıC. The flatband capacitance is 29.3 pF. Solid: From
accumulation to inversion. Dashed: From inversion to accumulation.

presence of border traps.
Because of the high series resistance of the silicon bulk and the strong frequency dependence

due to the interface traps, methods based on the high-frequency C -V measurements or the
conductance method cannot be used to extract the oxide-charge density, N

ox

, and the interface-
trap density, D

it

. Therefore, for the determination of N
ox

and D
it

in [14, 75] an attempt was
made to measure the TDRC spectra, the C=G-V curves and use the equivalent RC model as
shown in Figure 3.3.4 with the spectra as input and fit the C=G-V curves which were measured
by sweeping from accumulation to inversion at room temperature.

The circuit takes the silicon bulk into account (C
bulk

,G
bulk

/, the recombination/generation
resistance R

f

in the depletion layer for the supply of minority carries and 3 interface traps. By
comparison with the circuit for interface traps of Figure 3.3.1 it is clear that this circuit lacks the
connections to the valence band and is therefore only an approximation in weak and not valid
in strong inversion. Furthermore it is not possible to determine the hole cross sections of the

56

Problems in extracting parameters II
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Figure A.8: Measurements of TDRC spectra on the irradiated MOS capacitors.

173

TDRC
- Not all interface traps filled by this method

- Generation current contributes significantly to 
peaks above 200 K 

hysteresis due 
to border traps

J. Zhang 2014
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Latest attempt:
- CiS: <111>  5  MGy, 10min at 80°C 
- circular MOS-C and GCD 
- New 1D electrical model taking CB and VB into account
- 3 acceptor + 1 donor gaussian distributed traps
- Simultaneous fit of C/G-V and TDRC (up to 200 K)

1D MOS-C simulations of C-V 3D MOS-C simulation of C-V

Check of extracted parameters with 1D and 3D 
TCAD simulations:

series resistance 
effects difficult 
to model in 1D

R. S. N
akhm

anson,           
Solid-State Electronics 1976
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3D MOS-C simulation of G-V

3D GCD simulation of I-V

TDRC spectrum

Interface trap distribution

Up to now best fit of GCD current

donor

3 acceptors
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voltages. The number of generated eh-pairs was approximately
30 000. The number of collected electrons and holes is deter-
mined from the fit of the model described in Section 2.4 to
the data.

The results are shown in Fig. 11. The number of holes collected
shows a small increase between 50 and 150 V, and then remains
constant. Up to 150 V practically no electrons are collected at the
center between the strips. Above this voltage the fraction of
electrons collected increases approximately linearly with voltage,
reaching ! 25% at 500 V. The fraction of electrons collected close
to the edge of the readout strips, increases from ! 5% to ! 40%.
We note that for all voltages significant electron losses are
observed and, that the width of the accumulation layer, dacc (not
shown), is between 34 and 36 mm. Thus the accumulation layer
covers most of the 39 mm wide gap between the pþ -implants. We
also observe (not shown) that the diffusion term is below 3 mm, the
width of the light spot.

4. Discussion of the results

In this Chapter an attempt is made to qualitatively interpret
the results and discuss their relevance for the operation of pþn
sensors. We first discuss the cause of the charge losses and their
dependence on time and humidity. Our explanations are

supported by detailed two-dimensional simulations of the sensor
assuming different boundary conditions on the surface of the
passivation and different values of q0 # N

eff
int ¼ q0 # ðNoxþNdon

it &Nacc
it Þ,

the effective charge density at or close to the Si–SiO2 interface. q0

is the elementary charge, Nox the density of positive oxide
charges, and Nit

don and Nit
acc the density of filled donor and acceptor

states at the interface, integrated over the silicon band gap.

4.1. Charge losses and their time dependence

For the non-irradiated strip sensor the most relevant results,
which were presented in Chapter 3, are:

( Electron losses when ramping up the voltage in a dry atmo-
sphere (‘‘dried at 0 V—0 Gy’’),
( hole losses when ramping down the voltage in a dry atmo-

sphere (‘‘dried at 500 V—0 Gy’’),
( no or little charge losses in a humid atmosphere (‘‘humid—

0 Gy’’), and
( the time to reach the steady state after a voltage change is

about an hour in a humid and ! 100 h in a dry atmosphere.

We explain these observations in the following way: We assume
that the sensor is in steady-state conditions at 0 V with zero charge
density on its surface. When the sensor is biased, parts of the pþ

implants will be depleted, resulting in negative charges at the pþn
junctions of the strips. These negative charges are balanced by the
positive charges of the depleted n bulk and of the nþ implant of the
rear contact, if the sensor is biased above depletion. These charges
produce an electric field at the Si–SiO2 interface and at the sensor
surface. If surface charges on top of the passivation do not move, the
electric field at the surface will have a longitudinal component
which points to the pþ implants and a transverse component at the
Si–SiO2 interface which points into the sensor.2 This is seen in the
top left plot of Fig. 12, which shows for a sensor biased to 200 V a
TCAD simulation of the longitudinal surface field for a density
Neff

int ¼ 1011 cm&2 and zero surface-charge density. This longitudinal

Fig. 10. Number of holes lost for light pulses generating ! 100 000 eh-pairs as a
function of the time after the voltage applied to the non-irradiated sensor has
been reduced from 500 V in steady-state conditions, to 200 V. The upper scale
of the horizontal axis (in minutes) refers to the situation ‘‘humid’’, the lower one
(in hours) to ‘‘dry’’.

Table 4
For the sensor irradiated to 1 MGy, biased at 200 V under three different
measurement conditions: Idark

meas, the dark current for a single strip, dacc
fit , the width

of the accumulation layer determined from the fit, and the width of the
accumulation layer, dacc

calc, obtained from the measured dark current, the surface
generation current from the test structures (Table 2), and the geometrical
parameters of the sensor (Table 1). The current values refer to a temperature of
22.9 1C.

Dried at 0 V—1 MGy Humid—1 MGy Dried at 500 V—1 MGy

Idark
meas 1.2 nA 1.8 nA 3.3 nA

dfit
acc

36 mm 34 mm –

dcalc
acc

32 mm 29 mm 21 mm

Fig. 11. Irradiated sensor operated in a dry atmosphere for voltages between 50
and 500 V: Number of electrons collected for light injected in the middle between
and close to the readout strip, and number of holes collected. The number of
eh-pairs generated by the light is approximately 30 000.

2 In the simulation this is realised by defining a boundary at y¼&100 mm
where Neumann boundary conditions are applied. On the surface of the passiva-
tion layer, fixed charges, in this case zero, are put. For the simulation ‘‘dried at
500 V’’ the surface-charge distribution obtained for the steady-state conditions at
500 V is used.

T. Poehlsen et al. / Nuclear Instruments and Methods in Physics Research A 700 (2013) 22–39 33
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- Hole losses vs. time after changing 
bias voltage from 500 V to 200 V of a 
HPK p+-n strip sensor (670nm laser) 

Steps for understanding
- Measurement of Rsq for different humidities 

using test structures
- TCAD simulation with proper implementation 

of boundary conditions 

- Charge collection of a HPK n+-p 
strip sensor is sensitive to doses of a 
few tens of Gy from a 90Sr  β-source

Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015.

Introduction: Some experimental observations

3

R.Klanner et al., POS(TIPP2014)040S.Jaster-Merz, Characterization of SiPMs a 
function of humidity, BSC-thesis, Hamburg 
University 2014

RH = 50%

RH < 1%

Breakdown voltage of a KETEK 
SiPM at RT depends on humidity 

Charge collection of a HPK n+p strip 
sensor is sensitive to doses of a few 
tens of Gy from a 90Sr ß-source

___ 0 Gy
___ 10 Gy
___ 75 Gy
___ 450 Gy

Seed strip

Cluster ___ 0 Gy
___ 10 Gy
___ 75 Gy
___ 450 Gy

Can we understand this ?

injection feature of the ALiBaVa readout system, which has an
accuracy of better than 1%. As expected from the simulation, the
distribution can be fitted using the convolution of a Landau dis-
tribution with a Gaussian, which is shown as the smooth curve in
Fig. 3b. In subsequent analyses, however, we will use the median, as
for individual strips the pulse-height distributions cannot be descri-
bed by the convolution of Landau and Gaussian distributions. The
noise, with a root-mean-square (rms) value of about 810 e, has a
good separation from the electron signal, which has an mpv of about
16,000 e. This mpv value is compatible with the simulated most
probable energy loss of 56 keV. After hadron irradiation the rms
noise increased to about 950 e.

The analysis uses the variable η¼ PHðRÞ=ðPHðRÞþPHðLÞÞ intro-
duced in Ref. [16]. The dN/dη distribution allows the investigation
of the electric field distribution, as well as the charge-sharing and
charge-loss properties of segmented sensors. The dN/dη distribution
will be the sum of two δ-functions, one at η¼ 0 and the other at η¼ 1
under the following conditions: All field stream lines originate at the
nþ implants of the readout strips, the readout noise is zero, charge
diffusion is neglected, and the particles traverse the sensor at normal
incidence. Electronic cross-talk shifts the positions of the δ-functions
inwards, and noise causes a broadening and a further inward shift.

Diffusion, which broadens the charge distribution arriving at the
readout strips by a few μm results in some charge sharing. An angular
spread of the traversing particles further increases charge sharing. If
some field stream lines originate at the Si–SiO2 interface, as shown in
some of the simulations discussed in Section 5, charge sharing will
increase further, and the dN/dη distribution in between the peaks at
low and high η values will be populated. The more field lines origi-
nate at the Si–SiO2 interface, the more events will appear in the
central η region.

Fig. 4a shows the distribution of ðΔN=ΔηÞ % 100=Nevt measured
for the non-hadron-irradiated p-stop sensor biased at 600 V after
0.2 days of β source irradiation, which corresponds to a dose of 10 Gy
(SiO2). Nevt is the total number of events andΔN the number of events
in a bin of width Δη. The value found in the central η region is
45:271:2%, which is significantly higher than the 15–20% expected
from the angular spread of 7100 mrad. To characterize charge shar-
ing we use the quantity CS¼ 100% ðΔNð0:2&0:8Þ=ð0:6% NevtÞÞ,
where ΔNð0:2&0:8Þ is the number of events in the interval
0:2oηo0:8, whilst 0.6 is the width of the η interval. Thus CS gives
the percentage of charge sharing relative to 100% charge sharing.

In addition, η allows the determination of x0, the distance of the
traversing particle from the centre of strip L, as discussed in Ref.
[16]. The following is a brief summary of the derivation. Assuming
a uniform distribution of Nevt events over the sensor with inter-
strip spacing pitch, the fraction of events in a given interval Δη,
ð1=NevtÞ % ðdN=dηÞ %Δη, is equal to Δx0=pitch, where Δx0 is the
x0 interval that corresponds to the selected Δη interval.

Thus the cumulative distribution normalized to pitch relates
the measured η value to the distance x0 of the particle from strip L.
Fig. 4b shows an example of a measured x0&η relation.

The position resolution δx as a function of x0 can be estimated
using δx¼ ðdx0=dηÞ % δη, where the uncertainty δη can be calcu-
lated from the signal-to-noise-ratio and the definition of η. For a
flat dN=dη distribution between η¼ 0 and 1 the x0&η relation is
linear, and δx is independent of x0. We call this ideal charge divi-
sion, if in addition most of the signal is induced in strips L and R.

4. Results

We first present results for the two non-hadron-irradiated sen-
sors and then for the hadron-irradiated p-stop sensor. An explanation
and discussion of the observations with the aid of SYNOPSYS TCAD
[17] simulations that include surface charges at the Si–SiO2 interface

Fig. 6. (a) Median of the PH(4-cluster) and PH(seed) distributions for the non-hadron-irradiated MCz p-stop sensor biased at 600 V as a function of the measurement time.
The initial dose is 0 Gy and the dose after 9 days about 450 Gy(SiO2). At 4.6 days calibration runs were taken, and the sensor was not exposed to the β source. (b) The
corresponding time dependence for CS.

Fig. 7. Source scan along the strips on which the β source had been centred and the
sensor irradiated to a dose of 450 Gy(SiO2). The yellow band indicates the region of
the highest dose. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

R. Klanner / Nuclear Instruments and Methods in Physics Research A 803 (2015) 100–112 103
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 depletion

 accumulation

 inversion

 I-VGate
 Isurf  I-t

 RH = 46%  - - 30%

 VGate-t

τ = 820 s
 RH = 30%

τ = 16s
 RH = 46%

Time constants change by factor 50 for RH 46% → 
30%

Rsq ~1017Ω @ RH = 30%                    
(difficult to measure for lower RH! )

Measurement of R□ over 5 µm SiO2 by Si-SiO2 interface current in GCD

Oxide

n-Bulk

VG1

n+

p+

Vdiode
VG2

t =  120 s

-12 V -70 V

Aluminum

I(t)

Isurf

Ios

5 μm

Biasing scheme for GCD 
(Gate Controlled Diode) 

Relative humidity RH [%] 30 35 40 46
Discharge time [s] 820 150 120 16
Rsurf [1012 Ω] 50 9.1 7.3 0.97
 Rsq [1015 Ω] 66 12 9.7 1.3

14. Test-Structures and Measurement Techniques

Figure 14.1: Schematic drawings of the gate-controlled diode: cross section with
measurement techniques (left) and top view (right).

After the irradiation of the gate-controlled diodes, C/V and I/V measurements were
performed in the laboratory within four hours of the irradiation. For the last irradiation
campaign, the time between beam exposure and measurement was significantly
reduced, and the gate-controlled diodes were otherwise stored at �30� C to prevent
annealing effects occurring at room temperature. The devices used in the last campaign
were also studied in TDRC measurements and with respect to their properties after
temperature induced annealing.

All employed measurement techniques are described in more detail in the following
section.

14.2. Measurement Techniques

14.2.1. Capacitance versus Voltage (C/V) Measurements

In this analysis, the C/V measurements were performed using the HP 4284A capacitance
bridge2. The bridge measures the admittance Y, respectively the impedance Z = Y�1,
of a device as function of the voltage Vgate by modulating Vgate with a small-signal
variation of frequency fAC and amplitude VAC. By associating the device with a
equivalent parallel circuit3 of a capacitance Cp and a resistor Rp, the admittance
can be expressed as Y = G + j 2p fACCp, where the real part, G = 1/Rp, denotes
the conductance and the imaginary part divided by 2p fAC provides the (parallel)
capacitance.

Figure 14.2 shows an example of a C/V and G/V measurement on an unirradiated
sample at four different frequencies4 with VAC = 0.05 V.

2The HP 4284A bridge was later replaced by an Agilent 4980A; for more details regarding the electrical
setup for the C/V and I/V measurements, see [190].

3An alternative representation is a equivalent serial circuit of a serial capacitance Cs and a resistor Rs;
both are equivalent representation of the complex values measured and can be transformed from one
to another [191].

4The frequency is continuously being switched between the different values while the gate voltage is
ramped up, therefore allowing to measure the curves at all frequencies in one go.

164

N.B.  Measurement of Rsq with MOSFET Floating Gate Technique are also possible
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Potential at t = 60 sec 

streamlines

air 

n+ implant

Al

 high resistive 
layer 

Potential at t = 120 min 

n+-p sensor with p-spray 
(Np-spray = 5•1011 cm-2), 
Nox = 1•1010 cm-2

High resistive layer of 10 
nm on top of passivation 
with Rsq ≈ 7•1014 Ω 
Voltage ramp: -10 V/s up 
to -600 V and than 
constant -600 V

Explanation of long-term changes (w.o. radiation damage)*): 
Biasing → longitudinal E-field component on o.s. → rearrangement of Qos 

until Elong = 0 and Vos = const → time constant depends Rsq,  
    which changes by many orders of magnitude with humidity (and T)

*) already discussed 
by A.Longoni et al., 
NIM-A288(1990)35

Simulation of boundary conditions: 
- Outer surface layer with high resistivity for time dependence

watch 
potential 

here

and field 
lines here

Changes of potential leads to different charge collection
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X-ray irradiations of p-MOSFET:  
 - ΔDose = 10, 100, 500 Gy, 1, 5, 10 kGy 
 - MOSFET Canberra 250 nm SiO2, <111>, n-type 6·1011cm-3 
Example: ΔDose=1 kGy irradiation for E ≈ 500 kV/cm 

 Irrad.
1 kGy

0 2 4 6 8 10 12 14 16
Time [h]

0.4
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⇥1012

10 Gy
100 Gy
500 Gy
1 kGy
5 kGy
10 kGy

Photocurrent

- E-field does not cause anomalous short-term effects during or after irradiation
- observe charging and „de-charging“ of border traps
- attempts to determine Dit using sub-threshold current (complementary to MOS-C)

Discharge border traps

Time dependence of  Noxeff 

➡ data available to put into simulation and study effects on sensors



Jörn Schwandt  University of Hamburg Torino 8.06.2016

Summary

20

1. Proper simulations of surface effects are complex and require a systematic approach
- Parameter extraction on test structures
- Simulate sensors + optimize
- Verify simulations by measurements

2. Some methods for determination of parameters relevant for simulation of surface 
effects have been established, some data are available and further data are acquired 

3. Methods of implementing proper boundary conditions and 
implementation of surface effects in TCAD have been established

4. Successful optimization + understanding of surprises have been demonstrated 

5. Upper and lower limits on surface-damage parameters are available, to study 
the combined effects of bulk and surface damage of sensors. 

6. Consistency of parameter extraction by TCAD simulation of test structures 
has not (yet?) been achieved → essential check!
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1. Impact of surface-damage effects on sensors with/without bulk damage using 
TCAD simulations 
a. Agree on which model(s) to use for bulk damage.
b. Agree on data (from sensors + test structures) and methods for comparison 

with simulation results.
c. Agree on „surface boundary conditions“ ( > 1 needed!)
d. Agree on parameter and their extreme values as function of dose for TCAD 

simulations.
N.B.  An iterative approach for the E-field dependence will be required              
(e. g.  assume Nox(E=0) → calculate E(x) at Si-SiO2 interface → Nox(E(x) etc.)

2. Check methods of surface damage parameters extraction using TCAD 
simulations (extraction of Nox, Dit, border traps + their interaction with Si bulk)

3. New irradiation and measurements of test structures and sensors. In my view 
should wait until agreement on 1) is reached and it is know, who does what.

My (our) expectations:
i. Surface damage is too complicated to be understood in all details.
ii. Estimation using extreme parameter values should be sufficient.
iii. Surface damage important for guard rings and strip sensors (less for pixels).
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translation  from V. von Bülow  “Loriot”) 
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MOS Capacitor MOS-C

• TDRC: Properties of interface traps 
   (Thermal Dielectric Relaxation Current)

- Bias MOS-C in e-accumulation
➡fill interface traps with electrons

- Cool to ~10 K  
➡ freeze e in traps

- Bias to inversion and heat up to 290 K
➡ITDRC due to release of trapped e’s

ITDRC(T)  → Dit(E) *)

➡(Energy levels + widths + densities)it

*) Temperature T → Ec – Eit (T dependence of Fermi level)
Parameterized by 3 states
interpretation not unambiguous ! 

TDRC spectra for 
5 MGy (<100>)

C/G-V+TDRC for MOS-C (from 4 vendors, <100> and <111>, surface damage 
by X-rays (0 - 1 GGy), no E-field during irradiation, annealing)

How to obtain reproducible results ? 
 (1) Annealing at 80°C for 10 min 
 (2) Stop voltage scan before strong in-  

  version  → no injection of border traps
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OLDHAM AND MCLEAN: TOTAL IONIZING DOSE EFFECTS IN MOS OXIDES AND DEVICES 489

Fig. 14. Alternate positive and negative bias annealing for capacitor exposed to 4- s Linac pulse.

Fig. 15. Model of hole trapping, permanent annealing, and compensation processes.

under certain conditions [84], [85]. In addition, Fleetwood et al.
have recently extended this model to argue that it also accounts
for noise results, which they reported [86].
We note that, in recent years, there has been much discussion

of the role of border traps, oxide traps that exchange charge with
the Si substrate. The proposal to call these traps border traps
was made by Fleetwood [87] in 1992. At that time, the dipole
model by Lelis et al. had been in the literature for four years and
was already well known. Now, more than ten additional years
have passed, and the defect described by Lelis et al. is still the
only confirmed border trap, at least in the Si/SiO system. Other
border trap structures have occasionally been proposed [88], but
they have not done well in experimental tests [82], [83].

E. Radiation-Induced Interface Traps
Radiation-induced interface states have been identified with

the so-called resonance in ESR studies, by Lenahan and
Dressendorfer [89]. This center is a trivalent Si atom, back

Fig. 16. density during alternate positive and negative bias annealing.

bonded to three other Si atoms, with a dangling bond extending
into the oxide. This defect is amphoteric, negatively charged
above mid-gap, neutral near mid-gap, and positively charged
below mid-gap. Lenahan and Dressendorfer showed a very
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• Surface current density Jsurf from GCD:
- Measure I-V curve
- Jsurf dominated by mid-gap traps

• Comments on Jsurf measurements:
• For high Jsurf voltage drop along surface 

➡Si-SiO2 interface only partially depleted 
• Si-SiO2 interface states decrease of mobility
• We do not take into account these effects 
➡Measured Isurf = lower limit of surface 

current

I-V  measurement of irradiated GCD

5 MGy

Accumulation

Depletion

Inversion

I = IJ

I = IJ + Isurf + IFIJ

I = IJ + IFIJ


