Measurement of the drift
velocities of electrons and holes In
high-ohmic <<100> silicon

Master-Arbeit
von
Christian Scharf
Fachbereich Physik

Universitit Hamburg

Februar 2014



1. Gutachter: Prof. Dr. Erika Garutti

2. Gutachter: Prof. Dr. Robert Klanner



Abstract

Measurements of the drift velocities of electrons and holes as a function of the
electric field and the temperature in high-ohmic silicon of <100> crystal orienta-
tion are presented. Significant differences between our results and literature values
are observed. A new parametrization of the mobility is introduced. Current tran-
sients of n-type pad diodes, generated by fast laser pulses, were investigated in
order to determine the drift velocity of electrons and holes separately. Two diodes
of high-ohmic silicon (1.5kQcm and 5.5 kQem) from different manufacturers were
investigated as cross check. The drift velocities were determined at electric fields
ranging from 5kV/cm to 50kV /cm at temperatures ranging from 233 K to 333 K.
The mobility parameters were obtained by fitting a simulation of charge drift in
silicon to the measurements. Using the convolution theorem the response func-
tion of the read-out circuit was determined with the Fourier transforms of the
measurement and the simulation.

The simulated transient current pulses with the new mobility parametrization
are consistent with the measured ones for the temperature and electric field range
investigated here. Additionally, the mobility results from the fit are consistent with
the mobility determined using the simpler time-of-flight method in the field range
where this method is applicable. However, our measurements show a difference of
up to 14% to the <100> values by Canali et al. (1971). The difference to the
<111> mobility parametrization by Jacoboni et al. (1977) is up to 24 % while this
parametrization is widely used for simulations of the <100> direction due to the
lack of data for <100> silicon.
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Kurzfassung

Diese Arbeit befasst sich mit der Messung der Driftgeschwindigkeit von Elek-
tronen und Lochern in Abhéangigkeit von der Temperatur und dem elektrischen
Feld in hochohmigem Silizium der Kristallorientierung <100>. Die Ergebnisse
dieser Arbeit zeigen grofte Unterschiede zu Werten aus der Literatur. Eine neue
Parametrisierung der Mobilitédt wird vorgestellt. Von kurzen Laserpulsen erzeugte
Strom-Transienten von n-Typ Flichendioden wurden gemessen, um die Drift-
geschwindigkeit von Elektronen und Léchern separat zu bestimmen. Zwei Dioden
unterschiedlicher Hersteller aus hochohmigem (1.5k{2cm und 5.5 kQem) Silizium
wurden zum Vergleich untersucht. Die Driftgeschwindigkeit wurde fiir elektrische
Felder zwischen 5kV/cm und 50kV /cm bei Temperaturen zwischen 233 K und
233 K bestimmt. Die Parameter der Mobilitdt wurden durch die Anpassung einer
Simulation der Bewegung von Ladungstrigern im elektrischen Feld in Silizium an
die Messungen bestimmt. Mithilfe des Faltungstheorems wurde die Antwortfunk-
tion des Ausleseschaltkreises aus den Fouriertransformierten der Messung und der
Simulation bestimmt.

Die simulierten und gemessenen Transienten stimmen bei allen untersuchten
Temperaturen und elektrischen Feldern nahezu iiberein. In dem Feldbereich, in
dem die einfachere Time-Of-Flight-Methode (Flugzeit-Methode) anwendbar ist,
stimmen die Ergebnisse aus der Anpassung weitestgehend mit den Ergebnissen
der Time-Of-Flight-Methode iiberein. Allerdings zeigen unsere Messungen eine
Abweichung von bis zu 14% zu den Messwerten von Canali et al. (1971) fiir
die <100> Orientierung. Die Abweichung zu den Literaturwerten von Jacoboni
et al. (1975) fiir die <111> Orientierung liegt bei bis zu 24 %, wobei diese Werte
aufgrund der wenigen verfiigharen Daten in Simulationen meist auch fiir die <100>

Orientierung genutzt werden.
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1. Introduction

In high energy physics (HEP) an essential part of the experiments are particle
tracking detectors. State-of-the-art tracking detectors consist of several layers of
highly segmented silicon devices, namely pixel and strip sensors. A charged parti-
cle moving through the tracking detector creates electron-hole pairs in the silicon.
In an applied electric field the charge carriers drift to the read-out electrodes. A
signal is generated and the layering as well as the high segmentation allow the
reconstruction of the track of the charged particle. During their time of service
the tracking detectors experience a very high particle fluence which damages the
silicon. For HEP experiments the decrease of the charge carrier lifetimes of elec-
trons and holes 7, 5, the change of the electric field E(z), and the increase of the
leakage current are the most severe consequences. Since 7., decreases less charge
is collected and, in interaction with the increasing leakage current, the signal-to-
noise ratio decreases. In the search for radiation hard silicon sensors the effects of
radiation damage on silicon have to be evaluated.

The original aim of this thesis was to separately determine E(z) and 7.,(z) in
irradiated silicon pad diodes as a function of the position, the temperature, and
the applied bias voltage. Measured current transients were analyzed by fitting
the parameters of a simulation of charge drift in silicon. Measurements on non-
irradiated sensors were performed for a calibration of the simulation. However,
large differences between the measurements and the simulation were observed. Fi-
nally it was realized that the literature drift velocity of electrons and holes for the
<111> crystal orientation is not valid, despite being widely used, for the <100>
orientation. The drift velocity for <100> crystal orientation is a fundamental
property of silicon. Nonetheless, it is not well studied and quantified in the lit-
erature, and literature values yield significantly wrong results. Consequently, we
investigated the carrier drift velocity in high-ohmic silicon of <100> orientation
as a function of the electric field and the temperature in order to allow for precise
simulations of <100> silicon devices. The drift velocity for high-ohmic silicon of
< 100> orientation is of particular interest for CMS [5] where this material is used
for the tracking detector. The results of this thesis are a step towards achieving the

original aim, the determination of E(z) and 7. ,(x) in irradiated silicon sensors.



2. Charge transport in silicon
diodes

This chapter gives a short introduction to the principles of a p-n silicon diode and

the drift and diffusion of charge carriers in silicon.

2.1. Silicon diodes

Silicon is a group IV element of the periodic table and an intrinsic semiconductor.
The band gap of silicon is indirect with an energy of £, = 1.12eV at T' = 300 K.
By introducing group III or V elements into the silicon crystal energy levels close
to the energy of the valence or the conduction band are created (AE ~ 45meV
for silicon doped with phosphorus), a process called doping. Already at low tem-
peratures the additional energy levels are ionized and the concentration of free
charge carriers in the silicon crystal is changed. The concentration of free charge
carriers in intrinsic silicon (~ 10 cm™ at T = 300K) is usually several orders
of magnitude lower than the effective doping concentration N.fr = |[Np — Na.
Therefore, the free charge carrier concentration in doped silicon is approximately
Ners. Here Np denominates the concentration of donors (group V atoms) and Ny
the concentration of acceptors (group III atoms). The majority charge carriers are

electrons for n-type (Np > Ny4) and holes for p-type silicon (Np < Nj).

If the doping of silicon changes rapidly from n-type to p-type, a space charge
region is formed at the boundary, the so-called p-n junction. The free electrons of
the n-type silicon and the free holes of the p-type silicon diffuse and combine until
equilibrium is reached. Only the ionized doping atoms remain as fixed charges.
Consequently, there are no free charge carriers in this region, and the region is also
called depletion region (see Figure [2.1)(a)). Because of the fixed charges (positive
for n-type and negative for p-type) an electric field is present at the p-n junction
(fig. 2.1](b)). The corresponding electrostatic potential is the built-in potential Wy,
(fig.2.3(c)). The Fermi energy E is close to the valence band for the p-type region
and close to the conduction band for the n-type region. Therefore, the valence and
the conduction bands are bent at the p-n junction as shown in Figure 2.1](d).



2. Charge transport in silicon diodes
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Figure 2.1.: An abrupt asymmetric p-n junction in thermal equilibrium. (a) dopant
distribution, (b) field distribution, (c¢) potential variation, and (d) en-
ergy band diagram. Taken from [29].

A silicon diode is basically a p-n junction with two contacts. Application of an
external bias voltage Uy,s causes the depletion region to increase if the polarity
of Upies is + for the n-type part and — for the p-type part. This is called reverse
bias. On the other hand, the depletion region decreases if the polarity is inverted.
This is called forward bias. For reverse bias the electrical current is very low and
is called leakage current.

For the detection of incident radiation an asymmetric junction is used (situation
depicted in fig. . In this thesis p-on-n type silicon diodes were investigated,
meaning a thin, highly doped p™ layer (implant) is followed by the thick, lightly
doped n-type bulk and a thin n™ rear implant serving as a Contactﬂ. A reverse
bias is applied causing the width of the depletion region in the n bulk Wp, to
increase. The width of the depletion region in the p™ implant Wp, stays very thin

(72 = 32)

Wl N ) Therefore, the p™ implant is neglected in the following equations

!The * denominates high Ns.



2. Charge transport in silicon diodes

and N.ss denominates the constant effective doping concentration of the n bulk.

The Poisson equation is

- _r 2.1
dx? €€o (2.1)

with the space charge density p = egN.ss, the relative permittivity € ~ 11.7 for
silicon, the vacuum permittivity €3, and the elementary charge ey. The electric

field of the depletion zone is

eoNeyy

E(x) = (W — ) (2.2)

€€
using the boundary condition E(z = Wp,,) = —L&(z = Wp,) = 0 (see ﬁg.(b)).
Integration of equation [2.2] yields the potential. For our measurements Up;qs > Wy,
so the built-in potential is neglected in the following. At the depletion voltage

GoNeff . w2

Usp = (2.3)

2€e€q

the whole n bulk is depleted and the width of the depletion region is Wp,, = w the
active thickness of the diode. This characteristic voltage is called full depletion
voltage. For all measurements discussed here Up,s was above Uy, so the diode

was fully depleted. The capacitance of the diode at full depletion is

A
C(Ubias > Udep) = €€ E (24)

with the area of the diode A. Using eqn. and eqn. 2.3 the electric field becomes

2z

E(x) = —(Usias + Usep(1 — E)) (2.5)

1
w

for Ubias 2 Udep-

2.2. Charge transport

2.2.1. Generation of free charge carriers

Free charge carriers are constantly generated thermally with the generation rate
depending strongly on the impurity and defect concentration of the silicon mate-
rial and the temperature. In a commercial silicon crystal a certain impurity and
defect concentration is always present. Certain impurities and defects generate

energy levels in the middle of the band gap. From these energy levels free charge



2. Charge transport in silicon diodes

carriers (electron-hole pairs) can be thermally excited to the conduction or valence
band, for electrons and holes respectively. Free charge carriers that are thermally
generated inside the depleted region result in the leakage current.

On the other hand, incident radiation can excite electron-hole pairs directly. The
mean energy needed to create an electron-hole pair in silicon is 3.6 eV. This energy
is higher than F; because additional phonon excitation is needed for the generation
of an electron-hole pair. In this thesis laser light is used for the generation of
electron-hole pairs. The energy of the photons used fiw ~ E; is similar to the
band gap energy. Therefore, additional thermal phonons are needed to excite

electron-hole pairs and the attenuation coefficient depends on the temperature.

2.2.2. Drift and diffusion

Free charge carriers are constantly moving with the thermal velocity v, and scat-
tered at phonons as well as ionized impurities. The resulting Brownian movement
can be described using the Einstein relation [I3]| D, = pep, - % with the charge
carrier mobility p.p. Following [7], the time evolution of the distribution of N
charge carriers initially at t = 0 and x = 2 in absence of an electric field is

N, (z — zo)?

0
Nt = ep o i

in one spatial dimension. If an electric field is applied, the charge carriers are

) (2.6)

accelerated and the drift velocity is
GMNE) = pen-E (2.7)

and the instantaneously induced current by a drifting charge inside the depleted
region of the diode is

e,h

U’
I = ¢4 2.8
Co- (2.8)

according to the Ramo theorem [24] for an infinite plate capacitor.

The drift velocity was investigated in this thesis by measuring the induced cur-
rent of drifting electrons and holes. A parametrization of the carrier mobility
e = pen(E,T) is presented in section The underlying drift model is
discussed in section



3. Experimental techniques

3.1. Test structures

For this thesis two silicon pad diodes from different manufacturers were investi-
gated. Only one diode was used for the systematic measurements. The other diode
was used as cross check.

The test structures are p-on-n silicon diodes with an n™ rear contact. Fig-
ure [3.1] shows an exemplary cross section for the type of diode we investigated.
The front contact (pad) and the rear contact are made of aluminum. Vias are
connecting the aluminum contacts to the front and rear implants through a thin
Si0, isolation layer. For illumination with laser light there is a window in the pad
contact and the rear contact is an aluminum grid. A guard ring is present but
was not connected for the measurements performed here. The silicon crystals of
<100> orientation for the diodes were grown with the float-zone process in order
to achieve a very low impurity concentration. The effective doping of the n bulk
is about N.pp = 102 cm ™.

The standard diode used for most of the measurements was manufactured by
Hamamatsu [2] (HPK). The material was thinned by polishing and the target value
of the active thickness was w = 200 um. Capacitance measurements of similar
structures from the same wafer placed the active thickness at 203.7 £ 3.0 um. The

physical thickness was measured directly to 204 um and by dielectric measurement

guard ring pad contact pad window vias
R TR S 2D

p* implant isolation SiO,

n bulk active thickness w

n* implant

' ,

—_—— —_— — = - —

i T~ + /

rear contact rear windows isolation SiO,

Figure 3.1.: Schematic cross section of a silicon diode (not to scale).
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‘ Manufacturer ‘ HPK ‘ CiS ‘
w [um] 200 287
Udep [V] 87.5 48.2
Neff [cm_3] 2.9.10% | 0.8-10"
A [mm?] 4.4 25
C(Ubias ~ Udep) [pF} 2.7 9.3

Table 3.1.: Physical properties of the test structures we investigated. A refers to
the pad area.

to 205 um. Using measurements of similar structures from the same batch the
thickness of the inactive front and rear implants was estimated to be 2.2 um each
(see |31]). With a physical thickness (including the inactive implants) of 204.5 pm
the active thickness was assumed to be w = 200 um.

The other diode used for cross check was manufactured by CiS [I] and the target
value of the active thickness was 280 + 15 um. Capacitance measurements placed
the active thickness at 284 um. The physical thickness was measured directly to
292 pm and by dielectric measurement to 291 pm. Using the same estimation as
for the 200 um HPK diode the active thickness was assumed to be w = 287 um.
However, for the CiS diode there are no measurements concerning the implant
thickness. Detailed properties for both diodes are given in Table [3.1}

3.2. The Transient Current Technique

The drift of charge carriers was measured by employing the Transient Current
Technique (TCT). Free charge carriers are generated almost instantaneously inside
the sensor (the diode) by short pulses of laser light. The free charge carriers drift

in an applied electric field and induce a current
I(t) o e-vg(FE) (3.1)

with their drift velocity vg(E). The transient current I(¢) is recorded with a fast
oscilloscope. A Peltier element is used to control the temperature of the sensor.
For a measurement the sensor is placed on a gold plated chuck with a hole for
rear illumination. The chuck is contacting the rear side of the sensor. For the front
side pad contact a needle is used. The position of the laser spot on the sensor can
be adjusted. After the laser was adjusted the setup is closed and flooded with
dry air (for 7' < 300 K). The measurement is started as soon as the measurement
temperature is reached and remains stable within +0.2 K. The bias voltage Up;qs
is supplied to the pad of the sensor while the rear contact is on ground potential.

Upias is ramped in steps of 10 V to a maximum voltage of 1000 V. For each recorded
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1 m cable

2 m cable
e V= =

p’ implant

sensor

T &

Figure 3.2.: Simplified illustration of the TCT setup. The sensor is illuminated
through the front or rear windows. The signal is transmitted from the
pad of the sensor via 3 m cables, amplified, and finally recorded by an
oscilloscope. The bias voltage is supplied to the pad of the sensor.

n” implant

transient current pulse 512 measurements are averaged in order to decrease the
noise.

The signal is transmitted via 502 cables with a total length of 3m and a bias
tee and then amplified. The signal is recorded by a Tektronix DPO 4104 oscil-
loscope [30] with a bandwidth of 1 GHz and a sampling rate of 5 GHz. The rise
time is 500 ps for the 200 um sensor and with 800 ps longer for the 287 um sensor
due to its higher capacitance. A schematic illustration of the setup is shown in

Figure [3.2

3.2.1. Laser properties

Two different wavelength lasers are used: a red laser with A = 675nm and a
spectral width of FWHM), = 3nm, and an infrared laser with A = 1063 nm and
FWHM, = 7nm|ﬂ Basic features of the setup are fast laser pulses to allow the
assumption the charge is generated instantaneously; and low light intensity, hence
low charge carrier density. High charge carrier densities distort the electric field
inside the sensor because of space charge effects (plasma effects, see [33]).

The FWHM of the laser pulse is 44 ps for the infrared laser and 31 ps for the
red laser. The profiles of the laser pulses are shown in appendix [A.Il A pulse
frequency of 200 Hz is used. The laser tune is 50 % and an optical filter of 5dB
(at A &~ 1400 nm) is used to further decrease the laser intensity. Additionally, the
laser light is exiting the glass fiber without focusing, and the diameter of the laser

spot is 300 um at the surface of the sensor. For this setup both lasers create about

'With the full width at half maximum FWHM. Data according to the owner’s manual [6].
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incident red laser pulse incident infrared laser pulse
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Figure 3.3.: Schematic of the initial distribution of electron-hole pairs and subse-

quent charge carrier drift in an electric field £. Shown here is front
illumination with the red (a) and the infrared (b) laser.

N.;, = 10° electron-hole pairs per pulse.

3.2.2. Transient current pulses

The attenuation length of red laser light is Ag7pum (7 = 300 K) ~ 3.3 um in silicon.
Therefore, electron-hole pairs are created close to the surface of the sensor. For
pulsed illumination of the junction (front p™ implant) of an n-type sensor the
generated holes are collected within ~ 0.2ns at the p™ contact, drifting just a few
micrometer. In contrast, the generated electrons drift through the whole sensor
to the rear n™ contact as shown in Figure [3.3|(a). The resulting transient current
pulse is generated almost solely by the drift of electrons (see Figure . Likewise,
for illumination of the rear n™ contact the generated electrons are collected very
fast at the n* contact. The transient is now generated mainly by the drift of holes
through the sensor to the junction.

It should be noted that charge carriers are generated not only in the depleted
bulk of the sensor, but in the front and rear implant as well. By diffusion these
charge carriers can enter the depleted region and contribute to the signal, but the

lifetime of these carriers is limited.

Transients generated by an infrared laser pulse are different since the attenua-
tion length in silicon of Ajggonm (7 = 300K) ~ 1500 um is well above the sensor
thickness. Therefore, the infra red light penetrates the whole sensor and reflection
at the rear of the sensor occurs. Electron-hole pairs are generated in the whole
sensor volume along the path of the light (Figure [3.3|b)). The generated signal is

a superposition of electron and hole driftﬂ.

2A transient simulation for the infrared laser is shown in Figure
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Figure 3.4.: Simulation of a transient current pulse for the situation depicted in
Figure[3.3(a). The holes are collected within 0.2 ns while the electrons
drift through the whole sensor to the rear contact. The signal is de-
creasing since the electric field is linear with the maximum value at
the front side.

3.2.3. Temperature control

The temperature is controlled with a Peltier element and measured inside the
chuck. There is a certain temperature gradient within the sensor. A vertical
gradient is present because the surrounding air initially is at room temperature.
Additionally, the setup is flooded with room temperature dry air for measurements
at low temperatures. The volumetric flow rate is up to 3!/min. Heating of the
sensor by means of the flow rate of the dry air was evaluated by measuring the
leakage current of an irradiated diode which is a strong function of the temperature.
Measurements were performed at low chuck temperatures and at different flow
rates. Heating of the sensor was minimized to AT, = 0.5K at T" = 253 K by
using low flow rates and diffusing the dry air in the setup.

Additionally, a horizontal gradient is present because of the hole in the chuck for
rear illumination. The hole is centered below the pad of the sensor. Therefore, this
region of the sensor has no direct thermal contact to the chuck. Leakage current
generates heat in this region. However, the low leakage current of the sensors of
several 10pA at T = 273K and Uy,,s = 1000V corresponds to a heating power
of just several 10nW. Because of the low leakage current and the high thermal

conductivity of silicon the horizontal gradient is supposedly very low.

10



4. Analysis

4.1. The time-of-flight method

In this section the determination of the charge carrier drift velocity from the TCT
measurements using the time-of-flight (tof) method is presentedﬂ It is a rather
simple method to obtain the time of flight ¢,,; which in this case describes the
duration of a TCT current pulse initiated by the red laser. Since the red laser
is used only one type of charge carriers drifts through the whole sensor and t;,s
is obtained separately for electrons and holes. Assuming operation above full
depletion (Upias > Ugep) and the electric field constant inside the sensor the drift

velocity is

o w
WE) = (4.1

tof

with the active sensor thickness w.

In the bulk of a silicon sensor with a uniform effective doping concentration
Ners(z) = const the electric field is not constant but linear. The mean electric
field inside the sensor is E(Uyqs) = Zies with the applied bias voltage Upqes. The

w

minimum and maximum values of the electric field are E(Upias)maz,min = W
For a linear electric field ¢,y = fow % is only a measure of the apparent velocity
— w
Vapp(E (Ubias)) (4.2)
ttof

which differs from vy (E(Ubws)) particularly for low electric field values, where the

dvg

T is large. Therefore, the validity of this method is limited to high Up;qs.

gradient

The signal is distorted by several effects, so t;,s is obtained - different to the

method used in the literature - as the time difference between the points of max-

&1
dt?

in Figure The sampling interval of the oscilloscope of §t = 200 ps is too large

imum slope (%5 = 0) at the rising and falling edge of the current pulse as shown

to allow an accurate measurement of ¢,,¢ for short current pulses of a few nanosec-

LFor a detailed description and discussion of the tof method see [10].

11
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Figure 4.1.: Determination of ¢, at the maximum values of |%| for the rising and
falling edges of the signal (blue dots) for electron drift in the 200 pm
sensor at Ups = 200V and T = 313 K.

onds directly. Therefore, a spline interpolation of the signal is used to calculate
the points of maximum slope.

In the literature [10, O, 17, 22] the full width at half maximum FWHM was
used to determine ¢;,¢. This can not be applied for the sensors investigated here
because F,,u: — Enin is large in comparison to the sensors discussed in the liter-
ature. Additionally, the capacitance of our sensors is up to nine times above the
capacitance of the sensors discussed in the literature, and the recorded current
pulses are very short at high bias voltages (¢, ~ 2ns). However, our approach
is even more accurate than the FWHM method for very long and uniform pulses
comparing verr(E)/v,(E) extracted from simulations for the w = 287 um thickness
high resistivity sensor with a more uniform electric field. Assuming a constant
electric field both methods have shown equally accurate results in the simulations
for the 287 um sensor while the maximum slope method has shown a better accu-

racy for the 200 um sensor (for shorter pulses).

Distortion of the signal occurs due to the time spectrum of the laser pulse which
is to first approximation a Gaussian function with FWHM = 44(31) ps for the
red (infrared) laser. At the points of maximum slope there is no broadening of
the current pulse by the laser pulse. The distortion is the integral of the Gaus-
sian function, the error function erf(z), with the maximum slope at the maximum

value of the Gaussian (the center of the laser pulse). However, the current pulse

12



4. Analysis

is slightly prolonged at the points of maximum slope since the rise time of the
laser pulse is slightly shorter than the fall time (see appendix . The diffusion
length is small in comparison to the thickness of the sensors and it is assumed to
be equal in and against the drift direction. Therefore, the center of gravity of the
drifting charge cloud, hence the current pulse length at the points of maximum
slope, is not affected by diffusion. The main problem are the effects of the sensor
capacitance and the read-out circuit which lead to a more complicated asymmetric
distortion?l

In order to determine the error of ¢, related to the effects discussed here simu-
lations were performed for high electric fields of £ > 15kV /cm where the gradient
d’Ud

=4 is sufficiently small. Accordingly, the error for E > 15kV/cm was estimated

to be 1% for the sensors investigated in this thesis.

4.2. Transient current pulse simulation

For the analysis of the TCT measurements a one-dimensional simulation of charge
transport in silicon is used. The original simulation code was written by Julian
Becker in 2010 and modified for this thesis. A more detailed description of the
simulation can be found in Becker’s PhD thesis [7]. This section follows chapter 7

of Becker’s thesis.

For the simulation a one dimensional spatial grid with a cell size of Az =
100nm and a step size of At = 10ps in the time domain is used. It is always
checked whether the charge carriers move at least into the next grid cell within
one time stepE] vg - At > Az/o meaning whether there is current, and whether
charge is conserved. In the simulation first an initial charge distribution at ¢ = 0
is calculated, and then the subsequent drift and diffusion of the charge carriers
in an electric field are computed. The drifting charge carriers induce a signal
proportional to their drift velocity until they are stopped and removed at the read-
out contacts. Figure [4.2] shows one time step of the simulation. When all charge
carriers are collected the induced current pulse is convolved with the response
function of the read-out circuit. The convolved current pulses are compared to
the measured TCT spectra and certain parameters of the simulation are fitted in

order to obtain the optimum description of the measurements.

2See section
3This is not true for a few simulations discussed here. See section m
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¢ electron |

o hole

bocoococcocoocoooaon” A

Figure 4.2.: One time step of the simulation. At ¢ = 0 the same amount of electrons
and holes is in one single cell. After one time step At the electrons
and holes have drifted in opposite directions in the electric field. The
charge distribution is widened by the diffusion of the charge carriers.
Taken from [7].

| Anm] [| ay [em™] | ap [em ™K™' | o' (T = 300K) [um] |
670 720 7.6 3.3
1060 -99.4 0.24 794

Table 4.1.: Temperature coefficients a; and ay taken from [I9] with the original
data from |20, [12] for the attenuation coefficient as(T) = ay + by - T at
different photon wavelengths .

4.2.1. Initial charge distribution

The charge generation by a laser pulse is assumed to be instantaneous. Accord-

ingly, the initial spatial distribution of charge carriers is simulated as
Nep(x,t =0) = agNyy-e *" (4.3)

with the attenuation coefficient a, and the total number of electron-hole pairs
generated Ny, which is proportional to the intensity of the laser light. Electrons
and holes are generated in pairs; therefore, they are generated in equal numbers.
The temperature dependence of ay is modeled as as(T) = a; + ag - T with values
of a; and ay given in Table 4.1l The model parameters for wavelengths of 670 nm
and 1060 nm are used instead of the exact laser wavelength (675 nm and 1063 nm)
since these parameters are poorly known. For the infrared laser little impact on
the simulated pulse shapes is seen when varying these parameters. For the red
laser differences are noticeable but not with respect to the current pulse length.

For the infrared laser reflection at the rear of the sensor changes the initial
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Figure 4.3.: Electric field from a TCAD simulation for a diode with a total thick-
ness of 203 um including 1.5 um each for the junction and the rear
implant at different Uy;,s. The bulk doping is N.sp = 310" cm ™ and
the junction and rear implant doping is Nes; = 310" cm™3. Note the
peak in the electric field at the rear implant (z ~ 203 um). Simulation
by J. Schwandt.

charge distribution for higher temperatures where o' &~ w and the initial charge
distribution is no longer exponential according to equation [£.3] Reflection is not
taken into account because even at 7' = 333 K the effect on the simulated current
pulse shape is small. Additionally, the exact reflection coefficient at the rear of the

sensor is not known and depends on the position of the laser spot on the sensor.

4.2.2. The electric field

With the assumption N.sp(x) = const throughout the sensor the electric field in
the sensor takes a linear form (equation with the maximum field at the p-n
junction at x = 0 for the fully depleted sensor (Upas > Ugep). The assumption
Nesp(x) = const is generally not correct for the junction and the rear implant
where N.;; changes rapidly within about 2 um from 10 cm™ to 10 cm™. For
low bias voltages a spike in the electric field at the rear implant is expected. A
TCAD [28] simulation of the electric field including the junction and the rear
contact is shown in Figure [£.3] The simulated field profile was implemented but
no considerable change was noticed. Hence the linear field model (eqn. is used
in the simulation for the sake of simplicity.

The p-n junction and the rear implant are treated as electrodes that do not

15
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contribute to the active sensor thickness w. The so-called built-in potential of the
p-n junction as well as the potential of the rear n-n" junction are neglected, but

would add to the bias voltage.

4.2.3. Signal formation

Quoting [7] ,the induced current is calculated according to the Ramo theorem [24].

The induced current (normalized to the elementary charge eg) can be approximated
by77

I(t+ AL = ) [To(wi t+ At) — Ip(wi, t + At)] (4.4)

7

€o

Ie,h(xi,t + At) = (I)w(:rZ) . E

[ Nep(@i t + At) — Nep(24,1)] (4.5)

with the weighting potential of parallel plate capacitorﬁ ®,(z;) = 1 — %ifw and
the number of electrons or holes N, j(x;,t) at the time ¢. The number of charge

carriers after one time step At is

New(wit +At) = > Nep(a],t) - Az, 27) (4.6)
J

with the position z* at ¢ and the movement of carriers A(z;, %) within one time

J J
step At due to charge drift in the electric field and diffusion. The mean charge

drift in the electric field is
Sa(w;) = Hhien(x:)E(z;) At (4.7)

with the charge carrier mobility p.,(z;) and the sign taking into account the
opposite directions of electron and hole drift. Different mobility models p. 5 (E, T)
are implemented in the simulation. The average values of y. , and E are calculated
for the traveled distance (number of grid cells) if more than one grid cell is traversed
within one time step.

Drift and diffusion are calculated for each grid cell as

x; 4 0x(;) — 2 + A/2

\/§Ue,h($z’)

x; 4 0w(z;) — 15 — A2

\/§Ue,h(9€i)

)—erf(

Ay, 5) = % [erf( )] (4.8)

4Commonly used for a pad diode in reverse bias.
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where the charge distribution is the integral of a Gaussian function shifted by dx
with the standard deviation o, (z;) = \/2 - D¢ p(x;)At from the beginning of the

cell x; — % to the end of the cell z; + %. For the diffusion constant the Einstein

w@i)-kpT
eo

relation [I3] for charged particles D, p(x;) = is used so the standard

deviation becomes

kT

€o

(i) -

0'67}1(.%'@') = \/2 * He,n At (49)

again with the average value of the mobility.

Effects like the trapping of charge carriers and charge multiplication in very high
electric fields are implemented in the simulation program but were not applied for

the simulations presented in this thesis.

4.2.4. Read-out circuit convolution

Up to now the transient response of the read-out circuit is neglected in the simula-
tion. The signal is altered by many effects such as parasitic capacities, inductance,
reflections, external electromagnetic radiation, and noise. Strong contributions
are due to the capacitance of the sensor under test and the limited bandwidth of
the oscilloscope, both exhibiting low pass characteristics. Additionally, the charge
deposition by the laser is not instantaneous, but the laser pulse exhibits a certain
spectrum. All these effects, except for random ones like varying external radiation
and noise, are accounted for by the convolution of the simulated current pulse with

the response function of the setup.

The response function of the electronics was at first obtained by a SPICE [4]
simulation of the read-out circuit, but the quality of the SPICE simulation and
the description of the current pulses was poor. Instead of simulating the electronic

circuit the convolution theorem [I8]

F{frgr = F{fr-Flg} (4.10)

is used to determine the response function of the read-out circuit. Here f is the
simulation, g the response function of the circuit, and f x g is their convolution.
F{f} denotes the Fourier transform of f. Since the data is discrete the fast Fourier
transform is used for the calculations. Assuming the simulation to be correct the
measurement can be described by (f * g) + € with an additional noise term e.

Accordingly, the simulated current pulse before the read-out circuit convolution

17
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Figure 4.4.: Determination of the response function (blue) using a spline interpo-
lation of the measured current pulse (black) and the simulated current
pulse (red) for the 200 um sensor illuminated through the pad window
with the infrared laser at T = 313K and U;,s = 1000V. The inset
shows the situation for £ = Ons to 9ns.

and the measured current pulse are used to obtain the response functionﬁ

(4.11)

F{measurement} )

_
conv. = J ( F{simulation}

where the noise term is neglected. Actually, noise limits the accuracy of the calcu-
lated response function. But for the part of the response function relevant to the
current pulse shape the signal-to-noise ratio is usually high compared to the region

after the pulse, where much smaller reflections of the current pulse are located (see

Figure [4.4).

In order to get a good estimate of the response function the current pulse used
should be fast, so the contribution of the read-out circuit to the pulse shape is
largeﬂ A spline interpolation of the measured pulse shapes with a sampling in-
terval of 10 ps is used for the determination of conv since the sampling interval of
the oscilloscope §t = 200 ps is much larger than the time step size At = 10 ps of

the simulation. This leads to a trade-off between short pulses for a high contri-

®Or convolution function conv.
6The convolution of an infinitely fast signal 6(z — ') is §(x — 2') x conv(x) = conv(z — z').
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Figure 4.5.: Absolute values of the Fourier transforms of the spline interpolation of
the measured current pulse (black), the simulated current pulse (red),
and the ratio of them both |F{conv}| corresponding to Figure

bution of the electronics and long pulses for many sampling points, hence a good
interpolation. For this thesis the best results were achieved for fast pulses at the
highest possible bias voltage of Uy,s = 1000V. For the analyses the response
functions for both sensors were determined at 7' = 313K and U;,s = 1000V for
front illumination with the infrared laser. These response functions were used for
all temperatures investigated and for both the red and the infrared laser.

Figure [4.4] shows the simulated current pulse, the spline interpolation of the
measured current pulse, and the response function determined from both of them
including the region after the signal, where reflections are observed. Figure 4.5

shows the corresponding absolute values of the Fourier transforms of the mea-

F{measurement}
F{sitmulation}

f > 1 GHz the absolute value of the Fourier transform of the measurement is much

surement, the simulation, and |F{conv}| = . For high frequencies
smaller than the absolute value of the Fourier transform of the simulation. Conse-
quently, there is minor contribution of high frequencies (noise, spline interpolation)
to |F{conv}|.

The current pulse generated by the infrared laser was chosen since the theoretical
current before convolution (see fig. increases very fast and then immediately
decreases. Additionally, electron and hole drift contribute equally to the signal and

possible differences are averaged. In Figure [4.6| an exemplary simulated current
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Figure 4.6.: Example for the performance of the convolution method. Shown is the
measured TCT spectrum (crosses) for electron drift and the simulation
(red line) with the response function obtained from the measurement
for the infrared laser. Note the description of the reflection of the
current pulse on the right. The inset shows a closeup of the pulse.

pulse convolved with the response function (obtained as described) is compared to

the measured one for front illumination with the red laser.

4.2.5. Fitting

Certain parameters of the simulation, namely parameters of the charge carrier
mobility, were fitted to find the best description of the measured data. For this

purpose

Gy = 3 (Ll omy? (4.12)

0’.
i=1 v

was minimized using the Migrad algorithm of the ROOT [3] package Minuit. Here
« denotes the vector of free fit parameters and o; the measurement errors. The
sum over the number of individual measurements n of the squared difference be-
tween the simulation f(x;,«) and the measurement m; reaches its minimum for

the best fitting parameters a.

According to the number of individual measurement points the error o; was

20



4. Analysis

chosen around 0.1, so x*(«) was always in the order of 10 while the number of
degrees of freedom was n ~ 1.6 - 10°. Therefore, the Minuit error of the best fit
parameters was relative. The fit was performed taking 50 ns of the measurement
into account. The current pulse starts at ¢ = 2ns and the simulated one was
synchronized accordingly. All points with f(z;,«) # 0, including the reflection,
were used for the calculation of y?(a). For a realistic error estimation y?(a) ~ n
was very large and the fit algorithm did not converge (see below).

For the calculation of x?(a) the sampling interval of the individual measure-
ment points of 6t = 200 ps was used. Since the simulation time step size, in other
words the time bin size, At = 10 ps is much shorter than 0¢, the simulation was
synchronized with the measurement in steps of At without further interpolation.
However, this causes discontinuities of x?(«) when the synchronization is suddenly
shifted by At following variations of the free parameters . These discontinuities

are probably the reason the fit algorithm did not converge for realistic errors.

For the synchronized simulation f(z;,a) the very value of the simulation for
the individual time bin ¢; at the center of the measurement sampling interval ¢
was used. The average value of the simulation time bins within j:% was not used
because the sample acquisition time of the oscilloscope is assumed to be much
shorter than the sampling interval of §¢ = 200 p{} Consequently, the measured
current at a certain time [(t;) is assumed to be the true current at that very time
rather than the sum I(t;) = $& - Zgizét_/iz//ﬁ/tm I(t;).

Two different kinds of fits were performed for the analyses. Global fits were
performed, where all measurements for different bias voltages and front and rear
illumination with the red laser as well as illumination with the infrared laser were
fitted at once for all temperatures investigated. This means about 1.6 - 10° in-
dividual measurement points were evaluated for one fit. Additionally, range fits
were performed meaning only a small voltage/temperature range or even single
voltages/temperatures were fitted for only one or more types of laser illumina-
tion. The range fits were performed in order to investigate the charge carrier
mobility for a small electric field /temperature range, with less dependency on the

parametrization, for cross check of the global fit results.

"The documentation [30] does not mention the acquisition time.
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5. Results

5.1. Mobility parametrization

5.1.1. Parametrization in the literature

TCT measurements on non-irradiated silicon sensors in <<100> crystal orientation
were performed. The observed current pulse length was not well described in
the simulation using the parametrization of the drift velocity by Caughey and
Thomas [11]:

e,h
h B
oot = U’j’g.E S (5.1)
(1 (S )en) Per

where jiy denominates the low field mobility, vs the saturation velocity, and 3 is
a fit parameter close to 1. Parameter values for the <111> crystal orientation
published by Jacoboni et al. [I7] were used - despite the anisotropy of carrier drift
in silicon with respect to the crystallographic direction [10] - because there are few
publications on carrier drift in the <100>> direction.

Figure [5.1] shows measurements of the w = 200 pm and the corresponding sim-
ulations with the Jacoboni parameters for Uy,,s = 1000V at T = 313 K. While
the simulated electron drift is faster, the simulated hole drift is slower than the
corresponding measurement. This applies to the whole electric field range of
E = (5 — 50)kV/cm investigated for the 200 um sensor and, due to the different
sign of the deviations for electrons and holes, can not be attributed to a wrong
estimation of the sensor thickness w. Fitting the Caughey-Thomas parametriza-

h

tion to the measurements resulted in non-scientific values for u? and ", hence the

parametrization does not yield a reasonable description of our measurements.

Looking at the literature there is a wide spread in the reported low field mobili-
ties [14] and saturation velocities 8 10, 26] for electrons and holes in <111> crystal
direction. Just recently, parameter values for the Caughey-Thomas parametriza-
tion in <100> direction were published by Becker [§], obtained with the same sim-

ulation used here. These values describe the electron drift measurements well, but
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Figure 5.1.: TCT measurements (crosses) of the 200 pm sensor at 7' = 313 K and
E =50kV/cm in <100> crystal orientation for electron drift (a) and
hole drift (b). The measurements are compared to the simulations
(solid lines) using the Jacoboni [17] parameters for <111> crystal
orientation.

still do not describe the hole drift for high electric field values of several 10kV /cm,
that were not investigated by Becker. It should be noted that a slightly different
parametrization was derived by Hansch [16] and quantified extensively for <111>
crystal orientation [26] 23], but yields no improvement over the Caughey-Thomas

parametrization.

5.1.2. An approach to find a better description

The time of flight measurements by Canali [I0] were analyzed in order to explain
the differences between our measurements and the literature data. Figure[5.2|shows
the experimental values and the parametrization (eqn. for <111> orientation.
Especially for holes at low temperatures and high fields there are differences be-
tween the measurements and the parametrization. This discrepancy lead us to a
slightly different parametrization of the drift velocity. Here the underlying simple
transport model based on Grove [15] is presented and the modified parametrization

is introduced.

5.1.2.1. The transport model

Without an external electric field the free charge carriers experience random Brown-
2kpT
mZ,h
constant kp and the effective mass of the charge carriers m? ,. If an external elec-

with the Boltzmann

ian motion characterized by the thermal velocity v, =
tric field is present, a charge carrier is accelerated until a collision takes place. In

our case of high purity silicon the collision rate 1/, with the mean time between

collisions 7.,y is dominated by lattice scattering [I5] and independent of N.¢s. In
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Figure 5.2.: Experimental values (points) and the parametrization (solid lines) for
<111> crystal orientation for electrons (a) and for holes (b). Taken
from [17] with data from [10] 9.

this model the velocity of the charge carriers is assumed to be v(t = 7o) = 0
immediately after a collision, and the carrier is accelerated again until the next
collision takes place. The mean drift velocity becomes

qF

vi(E) :%a‘t: 2—m*'7cou=,u()'E (5.2)

with the low field mobility . In the case of very low electric fields the drift
velocity is much smaller than the thermal Velocityﬂ and the collision rate is constant
1/#0 X 1/Tcozz(vm)-

For an electric field above a certain value Ey the charge carriers gain enough
energy for the emission of optical phonons [I7]. With increasing carrier energy the
probability of an emission increases. Therefore, the mobility becomes a function

of the electric field
VE>E) X Yreou + Yre(B) (5.3)

with the phonon emission rate /r.(g). This leads to the saturation of the electron
drift velocity at very high electric fields [I7] where the energy loss from phonon

emission becomes equal to the energy gain from the electric field. This model

L&M(T = 300K) ~ 107 cm/s.
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is oversimplified and there are many effects at high fields [I7] apart from optical

phonon emission that are not taken into account here.

5.1.2.2. The new parametrization

The inverse mobility calculated from the Canali measurements is shown in Fig-
ure The model prediction of constant mobility for low electric fields is re-
produced by the measurements, and the phonon emission rate depends to a good
approximation linearly on E. A simple parametrization based on these findings is

introduced:

1 E < E
YuE) = fue ’ (5.4)
Vo + Yvsar - (E — Ey) E > Ejy

where the mobility is constant for low electric fields
u(E < Eo) = o (5.5)
and the Trofimenkoff [32] parametrization?| for higher electric fields

WE 2 B0 = p (5.6)

Vsat

with an electric field offset Ej.

This parametrization is not continuously differentiable because of the disconti-

nuity at &/ = Ej, but the parametrization

E— Ej
2Usat

YuEN/m) = Y+ (1 + tanh(E — Ey)) (5.7)
is, with a negligible deviationP|to equation [5.4]close to E = Ej. Note that E has to
be in units of V/m as the hyperbolic tangent depends on the scale. However, the

original expression [5.4] with the maximum criterion was used for further analysis.

It should be noted that the constant part of the mobility pg is known as the
ohmic region of the drift velocity vg(E) = po - E. It was quantified for example by
Ottaviani [22] to hold up to E = 2kV /cm for electrons in silicon at 7' = 300 K (see
fig. p.3)). So this new parametrization just adds the constant ohmic part of u(E)

2In 1967 Caughey and Thomas added the exponent j3. j, - that we now drop - to the Trofimenkoff
parametrization published in 1965.
3The relative deviation is ~ 1073 %.
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Figure 5.3.: Inverse mobility for electrons (filled) and holes (open) calculated from
time of flight measurements performed by Canali et al. [I0] at 7" =
300 K for the <100> crystal orientation. Shown here are not the actual
measurements but the values we extracted from plots of [10].

to the Trofimenkoff parametrization published in 1965. However, the sensitivity
of our measurements (E,,;, = 2.4kV /cm) to the low field mobility is very limited
and due to strong correlations of the parameters we were not able to determine
the low field mobility. Therefore, the parameter p of the following analyses is just
a fit parameter and must not be mistaken for the low field mobility as it is used in
the literature. Nevertheless, the expression g is used because the parameter pyg is
expected to become the low field mobility if our measurements were sensitive to

lower electric fields.

5.1.3. Comparison with measurements

Here the new parametrization was used for the simulation and was fitted to the
TCT measurements performed for this thesis. The best fit parameters obtained

for single temperatures are compared to the time of flight results.

5.1.3.1. Modified parametrization for the mobility of holes

Analysis of the simulated and the measured TCT spectra for hole drift indicates
that the linear expression (eqn. is not sufficient to describe the mobility of
holes. Figure |5.4] shows the TCT spectra for the 200 um sensor at different bias
voltages at T' = 233 K. The pulse length of the simulated spectra is too long for

low and for high electric fields, but too short in between. In order to describe the
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Figure 5.4.: TCT spectra for hole drift at 7" = 233 K. (a) shows the simulation
(lines) using the linear parametrization (eqn. [p.4). The drift time is
too long compared to the measurements (crosses) for Up,s = 150V
and Upas = 880V. Contrary the drift time of the simulation is too
short for Ups = 400 V. (b) shows the simulations using eqn. .

observed pulse length equation was modified and a quadratic term was added:

1/,uh FE < Ey
Yyun(E) = ’ , (5.8)
1/pg+b<E—E0)+C(E—EQ) EZEO

where the parameters b and c are introduced. Parameter b corresponds to an in-

verse velocity and for ¢ = 0 the parameter becomes b = /v,.

This approach is not suitable for very high electric fields because v4(E) would
increase to infinity. However, if £ > 100kV /cm, the charge carriers acquire enough
energy to generate new electron-hole paird’, and the model which was introduced
in section has to be extended. Further measurements have to be performed
in order to determine the electric field range where it is still reasonable to use
equation In the present measurements the quadratic approximation holds up
to E = 50kV/cm and was used for the mobility of holes in all further analyses.
Preliminary tests were performed using a different sensor suggesting the model
holds up to E = 70kV/cm which is close to the onse of impact ionization.
Equation implies that the drift velocity of holes would surpass the electron
drift velocity above a certain electric field. For the best fitting parameters at
T = 313 K this would happen for £ > 60kV /cm.

4A process called impact ionization. For further reading see [21].
SStarting at £ ~ 90 kV /cm.
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Figure 5.5.: Inverse mobility of electrons (solid lines) and holes (dashed lines) at
T = 313K from the fit and the tof method (crosses) for the 200 pm
sensor (a) and the 287 um sensor (b).
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5.1.3.2. Comparison of the drift velocities obtained from different sensors

Figure [5.5] shows the results of the inverse mobility at 7' = 313 K for both sensors
investigated: the w = 200 um Hamamatsu (HPK) sensor and the w = 287 um
CiS sensor. The results from the fit (lines) were obtained by fitting all measured
Upias at once and the tof results (crosses) were obtained for each current pulse at
each Uy, separately. The results of the best fit are consistent with the tof results
except for low electric fields, where the tof method is not applicable. Additionally,
the difference between the results of the drift velocity vy(E) = E - u(E) for both
sensors is 1 % as shown in Figure

The lower drift velocity of both electrons and holes observed for the CiS sensor
suggests that the estimation of the sensor thickness is slightly wrong. Fixing the
mobility parameters obtained for the 200 um HPK sensor, the thickness is fitted
as w = 287.6 um for the CiS sensor.
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Due to the different thicknesses and depletion voltages of the sensors, the inves-
tigated range of the mean electric field was £ = (5 — 50) kV/cm for the 200 pm
sensor and E = (2.4 — 35)kV/cm for the 287 um sensor. For both sensors the
minimum electric field was E,,;, =~ 0.7kV /cm at the lowest bias voltage. However,
only half of the sensor experiences £ < E for the model of a linear electric field,
and this model is least justified in the low field region (see section [£.3). Therefore,
the sensitivity of the measurements was limited for £ < 5kV /cm for the 200 um
sensor and for £ < 2.4kV/cm for the 287 um sensor.

It should be noted that the 287 um CiS sensor was measured at a lower laser
intensity and the measurement was corrected for the baseline (see section [5.3.1)).
Therefore, the signal-to-noise ratio is worse than for the 200 um HPK sensor, which
accounts for the higher statistical error of the tof results for the CiS sensor. Then
again, the systematic error of the tof results is lower for the CiS sensor, especially
at low electric fields. The higher thickness leads to longer current pulses and
the lower N.; leads to more uniform current pulses. Both effects improve the

systematic error of the tof results.

5.1.3.3. Comparison of simulated and measured current pulse shapes

Here the simulated current pulses for the fit parameters obtained at T = 313K
are compared to the measurements. In general, the measured current pulses for
the different lasers are very well described by the new model, but some problems

remain.

Electron drift

The pulse shapes for electron drift are shown in Figure For both sensors the
drift time is very well described except for the 200 um sensor at Up,s = 100V,
where the duration of the simulated pulse is too long. The electric field seems to
be different from the simulated linear field. Another reason could be an under-
estimation of the drift velocity of electrons at low electric fields; however, for the
287 um sensor the drift at low fields is well described. Therefore, the assumption of

a linear electric field might not be justified for the 200 um sensor at Up;,s = 100 V.

At high bias voltages the maximum and minimum values as well as the falling
edge of the current pulse of the 200 um sensor are not perfectly described. There
are three possible explanations:

(i) The diffusion is calculated using the Einstein relation which is not valid for

high electric fields. According to Jacoboni [17] the diffusivity of electrons in silicon
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is highly anisotropic. At high fields the diffusivity is probably underestimated and
the Einstein relation is a worse approximation for the <100> orientation than for
the <111> orientation. A better description of the current pulses can be achieved
by increasing the diffusion constant at high fields (x? is reduced by more than
50 %). However, the diffusion was not further investigated.

(ii) Charge carriers are generated not only in the active bulk of the sensor, but in
the front p* implant as well. The lifetime of the electrons generated in the front
implant might be sufficient for the carriers to diffuse, with a certain delay, into
the active, depleted region where the electric field is present. The minority carrier
lifetime of electrons is in the order of a few nanoseconds at room temperature for
Nepp ~ 10 em™ [27]. Therefore, some charge carriers are released with a delay
from the implant and contribute to the current pulse.

(iii) The response function was determined for illumination with the infrared laser.
The time spectra of the laser pulses are slightly different for the red and the in-
frared lasers. There might be an afterpulse for the red laser that leads to a delayed
carrier generation (see appendix for the laser profiles). The documentation [6]
of the red laser shows a time spectrum recorded with a streak camera not exhibit-
ing an afterpulse, and a time spectrum recorded with an oscilloscope exhibiting an
afterpulse. For the oscilloscope measurement the afterpulse is delayed by about

45 ps and the maximum intensity is about 17 % of the main pulse.

All these effects should be seen for hole drift as well, but to a lesser extent since
the duration of the current pulses is slightly longer. Additionally, plasma effects
(see hole drift below) could be an explanation, but no evidence of plasma effects

was found at low Uy, for electron drift.

Hole drift

For the hole drift (Figure the drift time and the response function describe
the measurements very well. Noticeable differences arise for the 200 um sensor.
The ringing effect after the signal is overestimated for Uy, > 100V which is
seen for electron drift as well. The reason for this is not clear. The initial rise
is not well described at intermediate Up;,s. This is probably caused by a wrong
attenuation coefficient a4 for the red laser light of A = 675 nm. The description of
the measurement is improved (for electron drift as well) by adjusting o, (—20%
at T = 313K).

The differences between the simulation and the measurement at high Uy, are
much lower than for the electron drift. Therefore, the points discussed for electron

drift can be evaluated:
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(i) There is no data in the literature that we know of for the diffusivity of holes
in <100> direction at high fields. But the approximation of using the Einstein
relation seems to be sufficient for our purpose.

(ii) The minority carrier lifetime of holes in the rear n™ implant is in the order
of a few 100 ps at room temperature for N.;; ~ 10 cm™3 [25]. Therefore, it is
much shorter than the lifetime of electrons in the front implant. Additionally, the
diffusivity of holes is lower than that of electrons. The effect of delayed diffusion of
charge carriers from the implant to the depleted region is probably less pronounced
for holes than for electrons.

(iii) The difference between the time spectra of the red and infrared laser is prob-

ably a minor issue. Evidence of a possible afterpulse is not observed.

At Upias = 100V the plasma effect is possibly visible. A high charge carrier
densityff| modifies the electric field. The inner region of the charge cloud generated
by the laser pulse is shielded from the external field’] There is no evidence for
plasma effects for the 287 um sensor which was measured at low laser intensity,
hence low charge carrier density. However, this effect could be partly attributed
to a wrong electric field model for the 200 um sensor at Up;,s = 100V as discussed

for electron drift.

Infrared illumination

For the infrared laser the same laser intensity was used for both sensors. The
charge carriers are generated over the whole thickness of the sensor instead of just
the first few micrometer as with the red laser. The charge carrier density is low
and plasma effects are not expected. Only a small fraction of the charge carriers is
generated outside the active area. Therefore, diffusion of charge carriers from the
implants into the depleted region is negligible. Figure [5.9{shows the current pulses.
The difference between the measurements and the simulations is small except for
the 287 um sensor at Up,s = 100V there a kink is observed in the measured
current pulses at t =~ 10ns. The reason is probably a wrong synchronization of the
baseline since the kink disappears if the baseline is not corrected for (the baseline
is shown in fig. . There might have been problems with the trigger for this
measurement, as the red and the infrared lasers use different trigger units and
the baseline was measured with the trigger unit of the red laser. Nevertheless,
baseline correction was used for this measurement since the global match of the

measurement and the simulation was improved.

6Nen ~ 510" cm™3 for the red laser at standard intensity.
"For further reading see [33].

31



5. Results
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Figure 5.7.: TCT spectra (crosses) and drift simulation (lines) with the parameters
obtained from the fit for electron drift at different bias voltages for the
200 pm sensor (a) and the 287 pm sensor (b).
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Figure 5.8.: TCT spectra (crosses) and drift simulation (lines) with the parameters
obtained from the fit for hole drift at different bias voltages for the
200 pm sensor (a) and the 287 pm sensor (b).
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Figure 5.9.: TCT spectra (crosses) and drift simulation (dashed lines) with the
parameters obtained from the fit for illumination with the infrared
laser resulting in simultaneous electron and hole drift at different bias
voltages for the 200 pm sensor (a) and the 287 um sensor (b).
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5.2. Temperature dependence

The temperature dependence of the charge drift parameters was investigated for
the 200 pm HPK sensor between T' = 233 K and T' = 333 K in steps of AT = 20K
and, additionally, for 7' = 263K. The measurements were performed at bias
voltages ranging from Upigsmin = 100V t0 Upigs maz = 1000V in steps of AUpqs =
10Vﬂ The only exceptions were the following measurements

T = 233 K: Upigsmaz = 880V

T = 263 K: Upigs,maz = 980V

T = 273K: Upigsmaz = 990V

For these measurements at low temperature remaining humidity led to an early
breakdown. A short circuit was generated at high voltages by a thin layer of ice
on the surface of the sensor. The current pulse shapes before breakdown were not

affected by the layer of ice.

5.2.1. Single temperature results

At first the fit parameters were obtained for single temperatureﬂ For electrons
the measurements were not sensitive to the constant part of the mobility in the
investigated electric field and temperature range. Therefore, the expected constant

low field part of the electron mobility is neglected (Ey = 0) and the parametrization
(eqn. becomes

€

_ Ho
1+ M. p

sat

pe(E) = (5.9)

the Trofimenkoff formula.

5.2.2. Global fit results

The temperature dependence of the mobility parameters was parametrized, ac-

cording to literature [8, [17, 26], using a power law

L )a" (5.10)

pary(T) = par(T = 300K) - <M

where the values at room temperature par; (7 = 300 K) and the exponents «; were
used as fit parameters. The quadratic parameter ¢ of the hole mobility was chosen
independent of T. A certain temperature dependence of ¢ would introduce another

fit parameter and even stronger correlations between the parameters.

8Corresponding to a mean electric field between Epin =5 kV /cm and FErmaz = 50 kV /cm.
9Gee sections |5.1.3.2| and |5.1.3.3| for the results at T' = 313 K.

35



5. Results

par;(T" = 300 K) a;

Electrons || u§ 1430 cm?/Vs —1.99
v¢ | 1.05-10"cm/s | —0.302
Holes e 457 cm? /Vs —2.80

b | 9.57-10°s/cm | —0.155
¢ | =324 10 Bs/V -
E, | 2970V/cm 5.63

Table 5.1.: The mobility parameters of eqn. eqn. and eqn. for silicon
of <100> orientation determined for electric field values ranging from

E =5kV/em to E = 50kV/cm at temperatures between T' = 233K
and T' = 333 K.

All bias voltages, all laser illumination types, and all temperatures were fitted

simultaneously amounting in 1.6 - 10° measurement points. The results of the
global fit are listed in Table [5.1['"]

. . Uglobal_vsingle Uglobal_vtof .
Figure [5.10| shows the differences -4—-t— and 4—_—2— between the drift
v v

velocity from the global temperature ﬁjcl v9? (tab, and both 5™ and
vf[’f , from the single temperature fits and the tof method respectively. The drift
velocity results from the single T fits are not constrained by a parametrization of
the temperature dependence. Therefore, the drift velocity from the single T fits
is expected to show a better match with the tof results than vgl‘)b“l. This is not
seen for the electron drift velocity (continuous lines, filled crosses). Here the power
law approximation (eqn. is apparently very accurate. On the other hand,
for holes the drift velocity from the single T' fits shows a better match with the
tof results than the global T fit results (dashed lines, open crosses). For the hole
mobility parameters the power-law approximation is not as accurate as it is for
the electron parameters.

The drift velocity from the tof method, that is sufficiently accurate only for
E > 15kV/cm, is systematically about 0.5 % higher than vgl’)b“l for both electrons
and holes. In the investigated electric field range the difference between vg“"’“l and
both vff"gle and vﬁ[’f is always below 3 %. For electrons the difference between the
results of the global T fit and the single T fits is below 1%. For holes the differ-
ence is below 3%. Limited sensitivity of the measurement and strong correlation
between the parameters yf and Fj of the hole mobility lead to large differences
for E < 5kV/cm. At low temperatures (7" < 273 K) both the single 7" and the tof
results exhibit a higher hole drift velocity at high electric fields. Here the approach
of ¢(T') = const is probably not justified.

10Gee appendix for the correlation matrix of the fit.
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Figure 5.10.: The drift velocity from the global T fit is compared to the results

global
Yd

v

tof
—v,
tof
d

Vq

single
Yq

global | single

of the single T fits as

(lines) and to the tof results as

(crosses) in percent. The differences are always below 3 %

in the electric field ranges of E = (5 — 50)kV/em for v5™" and
E = (15 — 50)kV/cm for v/
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Figure 5.11.: Differences

The measured transient current pulse shapes for both lasers and the simulated
pulse shapes for the global fit results (tab. at all temperatures and selected
Upias are shown in appendix Additionally, the measurements of the 287 um

sensor at T' = 313K are compared to the simulation with the global fit results

(fig. and fig. [A.15).

5.2.3. Comparison with the literature values

The parameters by Jacoboni et al. [17] for the <111> crystal orientation are most
widely used for the simulation of silicon devices. These parameters (using eqn.
are based on the <111> tof measurements by Canali et al. [I0] who published
measurements for the <100> orientation as well.

. . ,Uglobal_,UJacoboni QZObal_,UCanuli
Figure |5.11| shows the differences < " a,aco‘,fom and < vg‘”“(‘i” between the

global fit results and both the <111> Jacoboni values and the <100> measure-
ments by Canali. It should be noted that these values do not represent the actual
measurements by Canali but values that were extracted from the plots of the
original publication [I0]. There might be differences of up to 5% between these
values and the actual measurements since the original plots are in logarithmic scale
spanning several orders of magnitude. Nevertheless, the extracted Canali <100>
values are compared to the fit results. In the investigated electric field range the
extracted electron drift velocity from Canali is up to 6 % higher than our fit values
at T = 245K and consistent with the fit values at 7 = 300 K. For £ < 5kV /cm
the electron drift velocity from Canali is significantly higher than our values for

both temperatures. Our measurements were not sensitive to the constant low field
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mobility of electrons which is clearly seen in the Canali values at 7" = 300 K for
E < 1.3kV/cm (see fig. [p.3). The hole drift velocity extracted from the Canali
plots is at least 5 % lower than our results for £ > 5kV /cm and shows a maximum
difference of 14% at £ ~ 50kV /cm.

A significant difference between the fit and the Jacoboni <111> values is ob-
served. At T = 245K and T = 300K the Jacoboni values of the electron drift
velocity are at least 6 % higher than our results. The hole drift velocity is more
than 5% lower than our results and shows a maximum difference of 24 %. This
was expected due to the anisotropy of the charge carrier drift velocity in silicon.

The electron drift velocity for the Jacoboni <111> parameters is similar to the
extracted <100> values from Canali at E = 0, but less at high field{"] For the
hole drift velocity the Jacoboni values are similar to the Canali values even at high
fields at both temperatures. This was not expected since the difference between
the hole drift velocity for the <111> and for the <100> orientation is about 15 %

at high fields in the Canali measurements.

While the differences between our results for the <100> orientation and the
Jacoboni <111> values were expected, the differences between our results and the
Canali <100> values were not. The measurements performed by Canali et al. were
similar to our measurements. Canali used high resistivity p = (30 — 200) kQcm
surface barrier n-type diodes without implants. The capacitance of the diodes is
given as 1 pF. The rise time of the electronics is given as 100 ps which is 5 — 8 times
faster than our setup. For the time of flight ¢;,; the full width at half maximum
of the current pulses was determined rather than the points of maximum slope.
Short pulses (70 ps) of Ey = 40keV electrons with a penetration depth of 7 um in
silicon were used for the generation of charge carriers instead of lasers. A pulsed
bias voltage rather than continuous Uy;,s was applied. Both the high resistivity of
the sensors and the fast rise time of the setup used by Canali are beneficial with
respect to the determination of the charge carrier drift velocity. However, this does
not explain the differences observed between the hole drift velocities concerning

the similar results for the electron drift velocities.

. . glnbal_vBecke'r QIObal_,UCanali

Figure [5.12| shows the differences 4+—5_4— and 44— between the fit
Becker Canali
Vq Vq

results and both the drift velocity for the <100> crystal orientation determined
by Becker et al. [§] and the Canali <100> measurements. Becker investigated
three different electric field values £ = (3.8, 7.1, 17.9)kV /cm. At these particular

electric field values the maximum difference between our values and the Becker

1 Canali proposed ug’h and v$ to be independent of the crystal orientation.
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values is 3% for the electron drift velocity and 6% for the hole drift velocity.
At T' = 300K the electron drift velocity determined by Becker matches with our
values in the whole electric field range investigated here (the maximum difference is
0.2%). The drift velocity Becker determined shows a better match with the Canali
values than our fit results for both electrons and holes. The same simulation was
used for Becker’s results and the results of this thesis, but Becker did not acquire
the time of flight. Becker investigated a CiS sensor similar to the 287 um sensor

we used, but with a considerably higher oxygen concentration.

5.3. Discussion

The mobility parameters obtained in this thesis describe the measured current
pulses and match with the tof results of the current pulses. Comparison with
literature data shows significant differences, though. The maximum difference be-
tween the electron drift velocity determined here and the values from Canali is
6% at T =245K and 2% at T = 300 K in the electric field range we investigated.
For the Becker values the maximum difference is 3% at T = 245K and 0.2 % at
T = 300 K. Both the Canali and the Becker values exhibit a higher electron drift
velocity at high fields. On the other hand, the hole drift velocity determined by
Canali and Becker is at least 1% lower than our values in the investigated electric
field range both at 7' = 245K and 7' = 300 K. The maximum difference is 14 % at
high fields. The difference between the literature values and our results is much
smaller for the electron drift velocity than for the hole drift velocity, and the sign

of the deviations is different for electrons and for holes. The reason for the higher
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hole drift velocity we observed is not clear and the results should be confirmed by

other experiments.

Due to the limited electric field range £ = (5 — 50) kV /cm that was investigated
here, the fit parameters ,ug’h were not directly accessible and may not be confused
with the literature values of the low field mobility. The parametrization we used
for the mobility and for the temperature dependence of the mobility parameters is
only an approximation. Especially for the temperature dependence of parameter
Ey of the hole mobility the power law approximation might not be justified. The
results of the single temperature fits show large deviations of up to 66 % from
the global fit results for this parameter. Additionally, the parameters are strongly
correlated. For the single temperature fits the maximum difference between the low
field mobility of holes determined by Jacoboni and the fit parameter p2 was 5 %.
In contrast, the maximum difference was 15 % for the global fit results. Therefore,
extrapolation beyond the investigated electric field and temperature range may
yield significantly wrong results. The Canali measurements suggest the electron
drift velocity at low fields to be up to 20 % higher than the fit values. For the
hole mobility the parameter ¢ of the quadratic term (eqn. prevents the hole
drift velocity from saturation at high electric fields. Consequently, the mobility
parametrization is probably not suitable for £ < 5kV /cm and, especially for holes,
for £ > 50kV /cm with the parameters we determined. The current pulses of the
287 um sensor are well described (£3 %) at £ = 2.4kV /cm, though.

Concerning our results as well as the Canali values for the <100> direction, the
inverse mobilities of electrons and holes are expected to be constant at low fields.
Above a certain electric field the slope is expected to increase. At high electric fields
the slope is expected to decrease, and finally to approach the inverse saturation
velocity 1/v¢". A more sophisticated parametrization of the charge carrier mobility

would be needed in order to describe these hypothetical properties.

5.3.1. Sources of error
Sensor thickness

The uncertainty of the sensor thickness is estimated to be 1% for both samples
since the thickness determined for the HPK sensor is supposed to be very accurate
(see sec. . Additionally, the difference between the results of the electron drift
velocity for both sensors is only 0.1 % (fig. p.6). For the tof results an error of 1%
for the thickness corresponds directly to a systematic error of £1 % regarding the
drift velocity. For the fit results the situation is slightly different mainly because

the parametrization is not optimal and the parameters are correlated. A global fit
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of the mobility for w+1 % yields a maximum deviation of the drift velocity of +2 %.
Therefore, the systematic error of the drift velocity related to the uncertainty on

the sensor thickness is estimated to 2 % for the fit results.

Temperature

The error of T is estimated to +0.5K (see section [3.2.3). However, there might
have been systematic differences of up to +2K at T = 233 K because the setup
was constantly flooded with room temperature dry air. The resulting error of the
drift velocity for the fit and the tof results is estimated to be 92 % at T' = 233K
and £0.3% for T > 253 K.

Plasma effect

Plasma effects were supposedly observed for the hole drift at low Up,s for the
200 um sensor, but not for the 287 um sensor. The maximum difference between
the hole drift velocities determined for both sensors was 1% at low fields. There-
fore, the influence of the plasma effect on the determined drift velocity is estimated
to be less than 1% for the fit. The tof values for low Up;,s are not used.

Electric field

With the approximation of constant N.¢s a linear electric field model is used in the
simulation. However, at low bias voltages the electric field is probably not linear
anymore (see section [£.2.2). Differences between the measured and the simulated
current pulse shapes at low Uy;,s were observed for the 200 um sensor. Differences
were observed for both electron and hole drift. The observed differences for hole
drift might be partly attributed to plasma effects. For the 287 um sensor the
current pulses at low U, are well described. The maximum difference between
the drift velocities determined for both sensors was 0.1 % and 1%, for electrons
and holes respectively. Therefore, the error related to the electric field model is
estimated to be less than 1% for the fit results.

Initial charge distribution

The attenuation coefficient a4(7") is not well known for both the red and the
infrared laser. However, the measured current pulse shapes are well described by
the model, and a variation of the attenuation parameters shows little impact on
the fit results. For the infrared laser the attenuation length is comparable to the
sensor thickness at high temperatures and reflection at the rear of the sensor might

be an issue. Again, little impact on the fit results was seen for a variation of the
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Figure 5.13.: Average baseline (4092 measurements at 8 different Uy,s) recorded
for the 287 um sensor (dashed line) and the current pulse for hole
drift without baseline correction at Uy,s = 100V (continuous line).

reflection coefficient. For this reason, reflection was neglected. The resulting error
of the fit results is estimated to be less than 1 %.

Baseline

For the w = 287 um sensor TCT measurements were performed at very low laser in-
tensity. The noise in the obtained current pulses is higher than for the w = 200 pm
sensor since less charge is deposited and the sensor is thicker{ﬂ Additionally, sys-
tematic modulations of the baseline of the setup (see Figure have proved
problematic; consequently, this was accounted for. The baseline was obtained per-
forming a measurement without connecting the laser light fiber. Several measure-
ments were averaged and the baseline was subtracted from the TCT measurements
of the 287 um sensor. Modulations in the current pulses were strongly diminished,
but the noise, which was rather high anyway, was slightly increased.

The baseline was not subtracted for the 200 um sensor. Since the laser intensity
was higher than for the measurements performed with the 287 um sensor the ef-
fects of a possible baseline modulation are small compared to the signal and were

neglected.

Response function

The response function was determined in several iterations from the transient cur-
rent pulse for illumination with the infrared laser at T' = 313 K and Uy;,s = 1000 V.

First the response function was obtained with the literature mobility values. Then

12The induced current is I o< ¢/w.
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the mobility parameters of the new parametrization were fitted. Again the re-
sponse function was determined and the mobility parameters were fitted. This
was repeated until the results were stable after just two to three iterations. Dif-
ferent initial mobility models and model parameters yield similar results within
0.1 %. However, clearly there are differences in the goodness of the description of
the current pulse shapes for illumination with the red laser (front and rear) and
infrared illumination. This difference is probably due to the three effects discussed
in section [5.1.3.3] The error introduced by these effects is supposedly negligible
since the length of the current pulses is, at the most, slightly prolonged. Addition-
ally, the measurements with both lasers are simultaneously used for the fit. But

the impact of these effects on the drift velocity was not fully evaluated.

As discussed earlier, the attenuation coefficient is not well known and reflection
might be an issue for T > 313 K where a; ! ~ w. Therefore, a wrong initial charge
distribution might have been used for the determination of the response function.
A global fit using the response function determined at 7" = 253 K showed a max-
imum deviation of the drift velocity of 0.25% compared to the results for the
response function determined at T' = 313@ However, the global description of
the current pulses was better for the response function determined at T = 253 K
and 2 was reduced by 20 %. Unfortunately, this was noticed late and because of

the similar results the response function determined at 7' = 313 K was used.

The main contribution to the response function is from the capacitance of the
sensor under test. The capacitance is supposed to be constant for Usiqs > Ugep-
However, it is slightly decreasing with increasing Uy;,s. Capacitance measure-
ments have shown a change of C(Ups = 100V) — C(Upies = 1000V) = 0.14 pF
corresponding to 4.5% for the w = 200 um sensor. The corresponding error is
supposedly insignificant, though. Most of the change of the capacitance happens
for low Upus. The transient current pulses at low Uy, are slow; therefore, they
are less affected by the response of the electronic circuit. In conclusion, the error

of the drift velocity from the fit introduced by the response function is estimated
to be 1 %.

Synchronization and binning

The cell size was Az = 100 nm for all simulations discussed here. In some cases
at low Upes and high T the condition vy - At > Az/2 was not true for hole drift
(for example at Upas = 100V and T = 333K for about 9% of the sensor width).

13At T = 253K the initial charge distribution is essentially constant within the sensor and
independent of reflection since a; ! > w.
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Here rounding errors are introduced. However, insignificant differences in the pulse
shape, the pulse duration, and x? are seen when decreasing Ax.

For the fit the simulation and the measurement are synchronized in steps of the
time step size of the simulation At = 10ps. Therefore, the accuracy of the fit is
limited™ and discontinuities in x? arise if the variation of a parameter changes the
synchronization at a certain U, at a certain T for one time step At. Because of
the large amount of measurements the discontinuities supposedly do not influence
the fit result, at least if only single measurements are affected. However, for a
realistic error estimation the fit algorithm did not converge, possibly due to these
discontinuities. Additionally, the sample acquisition time of the oscilloscope is
assumed to be infinitely short and the instant values at the center of a time bin of
the simulation were used to calculate x2. The resulting error on the drift velocity
is estimated to be 1%.

Summary of the errors

The squared sum of the errors discussed here{T_gl results in an error of £1.5% at
T = 293K and of 733 % at T = 233K for the drift velocity determined with the
tof method for £ > 15kV/cm. This is only true for the 200 um sensor, for the

287 um sensor the error is about +4 % due to higher noise.

For the fit results the summed error of the drift velocity is £2.5% at T' = 293 K
and T35 % at T = 233 K. The statistical error is supposedly negligible since the
amount of measurements is large (1.6 - 10° measurement points of 622 individual

current pulses).

14 At = 10 ps corresponds to ~ 0.5 % of the pulse length for the fastest current pulses we observed.
15Including the error discussed in section
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The drift velocities of electrons and holes in high-ohmic n-type silicon of <100>
crystal orientation were experimentally investigated. Differences of up to 14 %
from literature values for <100> orientation and up to 24 % from literature values
for <111> orientation are observed. A new parametrization of the charge carrier
mobility of electrons and holes is presented that describes the measurements by
Canali et al. better than the commonly used parametrization by Caughey and
Thomas with the parameters from Jacoboni et al. The mobility parameters of the
new parametrization were fitted to our measurements as a function of the electric

field and the temperature.

Experimental technique

Transient Current Technique (TCT) measurements were performed using two high
resistivity (1.5kQcm and 5.5kQcm) p™-n-n* silicon pad diodes of <100> crystal
orientation from different vendors. Free charge carriers in silicon were generated by
fast laser pulses. A red laser (A = 675 nm) was used to investigate the drift of elec-
trons and holes in electric fields separately, and an infrared laser (A = 1063 nm) for
the simultaneous electron and hole drift. Measurements were performed at seven
different temperatures between 233 K and 333 K. Only one sensor was measured
at all given temperatures. The investigated range of the mean electric field in the
sensor is between 5kV /cm and 50kV /cm.

Analysis

Two different methods were used to determine the drift velocity. The simple
time-of-flight method was used to determine the apparent velocity of the charge
carriers directly from the pulse duration of TCT measurements with the red laser.
Additionally, a simulation of charge drift in silicon was compared to the TCT
measurements with the red and the infrared laser, and the mobility parameters

were fitted by a y? minimization.
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Results

A parametrization for the drift of charge carriers in silicon is presented. An inverse

linear expression is used for the mobility of electrons

1o
J(E) = < 6.1
pe(E) T (6.1)

e
Vsat

which is the Trofimenkoff parametrization. For the mobility of holes a more com-

plex expression is required

1
max[Y/ul , Yul +b- (E — Ey) +c- (E — Ey)?]

un(E) = (6.2)

which is constant for £ < Ej and an inverse second degree polynomial for £ > Ej.

The temperature dependence of the new parameters is modeled as a power law

TIK] ) (6.3)

pari(T) = par;(T = 300K) - (m

and the parameters at room temperature par;(7" = 300 K) and the exponents «;
were obtained by a fit to our measurements. The parameter ¢ of the hole mobility

is chosen to be independent of 7.

The mobility parameters we have determined are listed in Table The global
error of the drift velocity v5"(F) = pen(E)-E is estimated to be £2.5%. It should
be noted that these values are only valid in the electric field and temperature range
that was investigated here. The results were obtained for n type silicon but are

supposedly valid for high-ohmic p-type silicon as well.

The current transients that were simulated with the parametrization discussed
above are consistent with the measured ones. Additionally, the time of flight results
are consistent with the results from the fit. The maximum difference between the
results of the two methods is 2 %.

Comparison with literature values

In the investigated electric field and temperature range our results are compared
to literature values for the <100> direction as well as the literature values by
Jacoboni et al. for the <111> direction, since these values are widely used for

simulations of <100> silicon devices as well.
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The determined electron drift velocity is similar to the values by Canali et al.
and Becker et al.; the maximum difference is 6 %. However, our results are always

below the Jacoboni <111> values with a maximum difference of 13 %.

The determined hole drift velocity is always higher than the Canali and the
Becker values; the maximum difference is about 15 % for both of them. Compared
to the Jacoboni <111> values our results are always higher and the maximum
difference is 24 %.

Relevance of the results

The charge carrier mobility in silicon is of particular interest for device modeling
and simulation. There are many applications using high-ohmic silicon of <100>
crystal orientation. For example the CMS tracker uses this material. Our results
may help to improve the interpretation of TCT and edge-TCT measurements
in order to determine the electric field in irradiated silicon sensors. We have
demonstrated that using the <111> mobility values by Jacoboni for simulations
of <100> silicon devices may yield an error of up to 24 %. Our results allow for
higher precision simulations and a better understanding of the most important

semiconductor material: silicon.
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A. Appendix

A.1. Laser pulse time spectra

Shown here are the time spectra of the red laser with (fig. [A.1) and without
(fig. [A.2) an afterpulse and of the infrared laser (fig.|A.3)). The measurements are
taken from [6].

A.2. Correlation matrix

Given in Table is the rescaled correlation matrix assuming X?Z = 1 with the

number of individual measurement points n = 1.555 - 10°.

A.3. Current pulse shapes

Shown below are the measured and the simulated transient current pulses at dif-
ferent bias voltages at for all temperatures investigated. For the simulation the
charge carrier mobility was calculated using the values listed in Table|5.1jand equa-
tions 5.8} and The current pulses for the 200 um sensor and the 287 um
sensor are shown in Figures [A.4JA.13] [A.15] and Figures respectively.

777771 ADVUANCED LASERDIODE SYSTENS
| PILO67MM SNO391A f

4 100KHZ TUNE SO

&

2
£lat

Figure A.1.: Pulse spectrum of the red laser with afterpulse. Measurement with
an oscilloscope with 50ns/div in x and 20mV /div in y direction.
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PiLO67MM, SN 0391A, streak camera scan at 100kHz after fiber
tune 25%:220mW-43ps; 50%:550mW-31ps (nominal black); 75%:620mW-31ps and 100%:640mW-30ps
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Figure A.2.: Pulse spectrum of the red laser from a streak camera without after-
pulse. A tune of 50 % (black line) was used.

PiL106MM, SN 0391B, streak camera scan at 100kHz after fiber
tune 25%:90mW-62ps; 50%:300mW-44ps (nominal black); 75%:425mW-43ps and 100%:485mW-42ps
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Figure A.3.: Pulse spectrum of the infrared laser from a streak camera. A tune of
50 % (black line) was used.
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Figure A.4.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm
sensor at 233 K with the parameters obtained from the global fit for

electron drift (a) and hole drift (b).
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Figure A.5.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm
sensor at 253 K with the parameters obtained from the global fit for
electron drift (a) and hole drift (b).
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Figure A.6.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm sen-
sor with the parameters obtained from the global fit for illumination
with the infrared laser at 233K (a) and at 253K (b).
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Figure A.7.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm
sensor at 263 K with the parameters obtained from the global fit for
electron drift (a) and hole drift (b).
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Figure A.8.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm
sensor at 273 K with the parameters obtained from the global fit for
electron drift (a) and hole drift (b).
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Figure A.9.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm sen-
sor with the parameters obtained from the global fit for illumination
with the infrared laser at 263K (a) and at 273K (b).

o8



A. Appendix

—0.12— TCT pulse 675 nm front illumination (electron drift)
o] — : : : : H :
E + measurement @ 990V === simulation
‘:‘ + measurement @ 800V == simulation
01 + measurement @ 600V === simulation}---
+ measurement @ 400V === simulation
measurement @ 250 V simulation
measurement @ 150 V simulation
0.08 + measurement @ 100 V. === simulation|
0.06
0.04
0.02
0
-0.02
— TCT pulse 675 nm rear illumination (hole drift)
o) — : : : : H ;
E + measurement @ 990V === simulation }---

0.06

0.04

0.02

-0.02-

+ measurement @ 800 V
+ measurement @ 600 V
+ measurement @ 400 V
measurement @ 250 V
measurement @ 150 V
+ measurement @ 100 V

= simulation
= simulation
= simulation
simulation
simulation "
= simulation

i e Baia s

s

t [ns]

Figure A.10.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm
sensor at 293 K with the parameters obtained from the global fit for
electron drift (a) and hole drift (b).
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TCT pulse 675 nm front illumination (electron drift)
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Figure A.11.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm
sensor at 313 K with the parameters obtained from the global fit for
electron drift (a) and hole drift (b).
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Figure A.12.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm
sensor with the parameters obtained from the global fit for illumi-
nation with the infrared laser at 293K (a) and at 313K (b).
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Figure A.13.: TCT spectra (crosses) and drift simulation (lines) for the 200 pm
sensor at 333 K with the parameters obtained from the global fit for
electron drift (a) and hole drift (b).
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Figure A.14.: TCT spectra (crosses) and drift simulation (lines) for the 287 pm
sensor at 313 K with the parameters obtained from the global fit for
electron drift (a) and hole drift (b).
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