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Abstract

Qualities of state of the art silicon low gain avalanche detectors (LGADs)
have been studied as a function of gamma dose. Precision timing and track-
ing detectors are an important element of experiments operating at the Large
Hadron Collider (LHC) whose purpose is discovery of new physics and im-
proved understanding of the Standard Model of particle physics. The Large
Hadron Collider and its detectors will undergo upgrades in coming years
that will enable them to observe increasingly rare processes which could
be the key to discoveries. The upgrades entail development of new tracking
detectors with excellent position resolution, excellent timing, and high toler-
ance to radiation damage. One such development is the recent innovation of
AC-LGADs. Methods of characterizing qualities of these sensors have been
developed. This includes the development of a method of directly measuring
the bulk leakage current of these LGADs while excluding high guard ring

current.
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Chapter 1

Introduction

1.1 The Particle Physics Context for Silicon De-

tectors

Particle physics studies the most fundamental particles. These most fun-
damental particles are represented by the Standard Model. Fundamental
particles are primarily characterized by their mass, charge, and spin. There
are three known types of matter: quarks, leptons, and bosons (force carri-
ers). Particle physics experiments often search for new physics beyond the
Standard Model. One of the primary facilities for these searches is at Con-
seil Européen pour la Recherche Nucléaire (CERN) at the Large Hadron
Collider (LHC).

1.2 The LHC and the ATLAS Detector

The LHC is the world’s largest particle accelerator and is located near
Geneva underground at CERN. There are 4 detectors on the LHC ring:

ATLAS, ALICE, CMS, and LHCb. The ATLAS detector measures the



Figure 1.1: The ATLAS Detector at the LHC.
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trajectories of charged particles produced in LHC collisions. The ATLAS
detector is currently preparing to upgrade to explore new physics beyond
the Standard Model. These upgrades will require new tracking technologies
that are more radiation hard and able to provide timing measurements. The
upgrades to the experiments at the collider may use the detectors described

in this thesis in the next upgrade.

1.3 Semiconductors

The sensors described here are based on semiconductor technology. Semi-
conductors are materials with a conductivity between that of an insulator
and a conductor. Typically, silicon is used for particle physics detectors.
These detectors function by having a minimum ionizing particle, or MIP,
pass through their PN junction. While doing so this MIP can interact with

electrons in the valence shell of an atom and excite them to the conduction



band (Neaman, p. 619). This creates an electron hole pair that is then
interpreted to provide information about the particle that passed through

the detector.

1.3.1 PN Junction

The “p” in “pn junction” refers to a doped region within a semiconductor.
This region includes acceptors. The “n” in pn junction is a doped region with
donors. Fig. (1.2) illustrates a pn junction. Initially these two doped regions
are electrically neutral, meaning the net charge on each side is 0. Then the
junction is formed by bringing them into contact. Some of the electrons
from the donors diffuse to the acceptors to occupy their valence shell. This
results in a non-zero net charge in both regions, thus creating an electric
field. To conduct experiments in a detection volume of macroscopic width,
this electric field is then extended by applying a reverse bias voltage, see Fig.
(1.3). This reverse bias voltage removes free charges, allowing information-
carrying charges to be generated by ionization. The reverse bias applied to a
sensor for particle physics experiments is within an operational range that is
determined by the depletion voltage and breakdown voltage measurements

described below.
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Figure 1.2: A p-n junction with free electrons and holes. This is before

electrons fill valence shells.
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Figure 1.3: A p-n junction with reverse bias voltage applied. This results in

an extended electric field beyond the p-n junction.

1.3.2 Depletion Voltage and Breakdown Voltage

The operational range of a sensor extends from the maximum voltage (given
by the breakdown voltage) to the minimum voltage (given by the depletion
voltage). As the reverse bias voltage is increased, more bulk silicon is de-
pleted until the sensor is fully depleted. This voltage of full depletion is
called the depletion voltage. The depletion voltage is found experimentally
by measuring the bulk capacitance. A CV graph compares the bulk ca-
pacitance, C, to the bias voltage, V, of a sensor. The bulk capacitance is
typically graphed as % to make it easier to see where the depletion voltage
occurs. Two best fit lines are then drawn and the point of intersection is
identified as the depletion voltage, see Fig. (1.4).

The breakdown voltage is the voltage at which the semiconductor behaves



as a conductor. This can be seen by measuring the leakage current, I, of the
sensor as a function of applied bias, V. The leakage current is often shown

on an exponential scale to enhance where breakdown occurs, see Fig. (1.5).
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Figure 1.4: CV scan of sensor FEI 1IRMC2 with best fit lines to show the
method of determining depletion voltage. Four frequencies were used during
measurements. The frequency 100kHz corresponded best to this sensor’s
bulk. Bottom-Right refers to the bottom right contact pad being used during

this experiment, to identify which of this sensor’s 4 contact pads were used.
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Figure 1.5: Bulk leakage current versus applied bias voltage of FEI 1IRMC2
to show how the breakdown voltage is determined. The 1.00E-3 refers to
the compliance current above which bias is not applied, to prevent damage

to the sensor. The bottom right pad was used during this measurement.

It is important to record the humidity and temperature condition of the
sensor during measurements as this can affect the operational range of a
sensor (McDuff, p. 4). This is evident in measurements of the breakdown
voltage of a sensor. As the temperature of a sensor increases, so does its

breakdown voltage.

1.3.3 Tracking Trajectories of Elementary Particles

A minimum ionizing particle, or MIP, is a particle that when passing through

the sensor creates electron hole pairs, as shown in Fig (1.6).



1.4 Radiation

Radiation refers to the emission of a particle from a source. The unit of
radiation is the rad, short for radiation absorbed dose, and it indicates the
energy absorbed. An object with 1 rad has absorbed 100 ergs (1 erg = 100
nJ) of energy for every 1 gram of mass that object has.

This paper studies the response of LGADs to gamma irradiation. “Gamma”
refers to the energy that a photon, a type of boson, has. The sensors here
were irradiated with Co-60 which produces gammas of energies 1.173 and
1.332 MeV. For LGADs in which the effects of irradiation were examined,
4 of each type of sensor (AC-LGAD pixel W3051, AC-LGAD strip W3073,
and DC-LGAD W3045) received different radiation doses. This irradiation
was conducted at the Sandia National Laboratories. One of each sensor
was irradiated to 40 Mrad, 400 Mrad, or 1 Grad, and a control was re-
tained unirradiated. After irradiation all sensors were placed in a freezer
with a continuous temperature of —25°C to prevent annealing. Before mea-
surement these sensors were placed in a room temperature bag filled Na to

prevent condensation.

10
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Figure 1.6: A p-n junction with incident MIP resulting in electron hole-pairs

that electrically transmit information about the incident MIP.
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Chapter 2

Sensors

The sensors reported here are 3D sensors and LGAD sensors. Both of these
are silicon sensors whose design is motivated by the goals of excellent timing
and position resolution, and radiation hardness. These are both state of
the art detectors that may be implemented in the next LHC upgrade. The
planar silicon sensor technology has electrodes arranged parallel to the wafer
surface. 3D sensors have their electrodes implanted vertically. On a planar-
type wafer, there is a surface n™ region on which is fabricated the electrode
and its contact pad of the sensor. The distance, w, between the front and

back sides is typically ~ 300um.

2.1 3D sensors

The technological benefits of 3D detectors (see Fig. 2.1) come from the ver-
tical orientation of their electrodes in the bulk (Da Via, p. 61). This allows
the distance between electrodes to be much shorter than 300 microns. This
allows 3D sensors to deplete the detection volume at a lower bias poten-
tial, than in the planar case. This structure also gives 3D sensors faster

charge collection times, and it improves their radiation hardness, because

12



the charge collection distance can be less than the mean trapping distance.

X\
electrodes

n-active edge

Figure 2.1: Sketch of a 3D detector where the p+ and n+ electrodes are
inside the silicon bulk. The edges are p+ electrodes (active edges) that

surround the sides of the 3D device. [Obertino]

2.2 LGAD sensors

The technological benefits of an LGAD (Pellegrini, Sadrozinski) come from
the inclusion of the gain layer, which multiplies signal. Multiple variations
of LGADs have been developed. This report concerns LGADs of two types,
DC-LGADs and AC-LGADs (Giacomini, 2019). What makes DC-LGADs
different than conventional planar detectors is their high concentration p™*
layer, which is directly below the n™ electrode. The p' layer creates a
localized high electric field that multiplies electrons produced by MIPs. The
sensor is very thin and this leads to precise time measurements (Ferrero, p.
16). The LGADs have a guard ring to insulate the bulk from external

currents and structure the internal electric field so that it is uniform at the

13



active edge. The guard ring is located around the physical edge of a sensor
(Ferrero, p. 33). AC-LGADs have no dead zones between electrodes. Fig.

2.2 shows the structure of a DC-LGAD and Fig. 2.3 shows the structure of

an AC-LGAD.
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Figure 2.2: Cross cut of a multi-pad LGAD (not to scale) with a schematic
view of the building blocks of the device. From the device physical edge:

guard-rings, pad with JTEs, inter-pad region with p-stop. [Ferrero]
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Figure 2.3: Sketch, not to scale, of a typical cross section of an AC-LGAD,

showing the main components as described in the text. [Giacomini, 2023]
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Chapter 3

Measurement Procedure

3.1 Operational Range

The operational range of a sensor is the range between the depletion voltage
and the breakdown voltage. The breakdown voltage is the voltage at which
one of two processes occurs, an avalanche effect or Zener effect (Neaman,
p. 258). In the avalanche effect, charge carriers obtain a kinetic energy
sufficient to excite additional charge carriers from the valence shell of atoms
resulting in multiple free charges. This process which is most relevant to
the study here, continues as voltage increases and results in an exponential
increase of the bulk leakage current. For this reason just below breakdown is
the maximum potential for the operational range of a sensor. The minimum

potential for the operational range of a sensor is the depletion voltage.

3.2 1V scans

Measuring the leakage current allows us to find the breakdown voltage. The
setup, shown in Figure (3.1), used for all IV scans on 3D sensors in this

report, is called IV setup 1. LGADs require a different setup because the

15



guard ring must be connected to ground as shown in Figure 3.2. In this

report it is also shown that different setups are used for different LGAD

types.

Dark Box

Vmas Source

+| Keithley 237 HV

3D Sensor

Peltier Thermal Chuck

—

Peltier Constant
Current Power Supply

| Source Measure
_______

PC with LabView

/N

Figure 3.1: Setup for measuring the leakage current as a function of applied

bias of a sensor. This is the setup that was used in measuring the leakage

current for all 3D sensors in this report.
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Figure 3.2: Setup for measuring the leakage current of a sensor with a guard
ring as a function of applied bias. The guard ring is grounded. Here an

ammeter is used to read the bulk current induced on the pad of the sensor.

17



To begin an IV measurement of the 3D sensors using the first setup,
the Peltier thermal cooling system needs to be powered on and have cooling
fans turned on. The cooling fans are located outside of the dark box and
are used to cool down a liquid coolant within a radiator. This liquid coolant
is used to remove heat from the hot side of the Peltier thermal chuck. A
sensor is then removed from its protective tray using plastic forceps (metal
ones could damage the sensor). The sensor is placed on a copper tray that is
conductive. This copper tray holding the sensor is then placed on the Peltier
thermal chuck. A probe connected to the sourcemeter, to measure leakage
current, is then landed on the readout pad viewed through a microscope.
A program written in LabVIEW is used to raise the applied bias voltage
in steps. The maximum bias is set according to the expected breakdown
voltage of the sensor. The LabVIEW program monitors the current to stop a
measurement immediately when the compliance current is met. The current
and voltage data are saved and interpreted via a program written in CERN’s
graphical programming language ROOT. Analysis of these data provides the
breakdown voltage of a sensor.

The depletion voltage of the LGADs is determined by measuring the
leakage current. The depletion voltage can not be observed by the first
setup because the sourcemeter records the leakage current from both the
pad and the guard ring. The guard ring current, for LGAD sensors being
studied in this paper, is normally a few orders of magnitude higher than
the pad current, until breakdown. So to find the depletion voltage of an
LGAD sensor, an ammeter is used to directly measure the current through
the pad. This is the motivation for creating a second setup for measuring
IV. For Setup 2, the Peltier thermal chuck, Peltier constant current power

supply and dark box are used as in the first setup shown in Figure (3.1).

18
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Figure 3.3: Second IV setup. Use of an ammeter to directly measure the
current from the pad shown. This setup was the first where features could

be observed for LGADs.

When conducting an IV measurement using the second setup the probe
is now connected to the ammeter instead of the sourcemeter. So each step
is followed as described above except now the probe on the pad is connected
to the ammeter for measurement. The source meter is used to measure the
total current (current from pad and guard ring). For sensors with a guard
ring, this measurement checks that the guard ring is connected to ground

as shown in Figure (3.3).

3.3 CV scans

CV scans are used to measure the bulk capacitance of a depleted sensor.
Several frequencies are applied sequentially; this is done to find which fre-

quency works best for the geometry of the structures being measured. For
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LGADs the standard is 10kHz. The setup for doing this is the same for both
LGAD and 3D sensors, as shown in Figure (3.4).

It was found that for some sensors the low interpad resistance required
a modification to the bias isolation box. The structure of the bias isolation
box is shown in Figure (3.5). For sensors of low internal resistance C2 had to
increase in capacitance to 210pF instead of 1 F'. With this new capacitance,

measurements showed features unobserved previously.

Keithley 2410

sourcemetery
|
a1
Pad GR| LGAD
N e

I___I—’V\{—IZI —
Interpad Resistance Hp

| | ] Lp
|—Ground TC

Thermochuck Bias Isolation —
Box HP 4284A LCR.._
meter | @

Figure 3.4: CV setup. This is the primary method for determining the

depletion voltage of LGADs and 3D sensors.
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Figure 3.5: Bias isolation box. Here C2 is the capacitor which is changed as

detailed in this paper.

Preparing a CV measurement is similar to that of an IV measurement.
First the Peltier thermal cooling system needs to be powered on and have the
cooling fans turned on, ensuring the temperature is regulated throughout
the measurement. A sensor is then removed from its protective tray using
plastic forceps. The sensor is placed on a copper tray and then moved to
the thermal chuck. A probe connected to the bias isolation box, to measure
bulk capacitance, is then placed above the readout pad of the sensor, without
making contact. Then, the LCR meter conducts an open measurement for
calibration. This done to account for the parallel parasitic impedance of
the setup. After calibration the probe is lowered on to the pad. Then the
applied DC voltage is gradually increased by the Keithley 2410 source meter

Fig. (3.4), applied to the sensor through a 1k resistor, as shown on Figure

21



(3.5). The Keithley 2410 source meter is controlled by a LabVIEW program
which also controls the HP 4284A LCR meter. Then the capacitance and
voltage data are saved and sequentially studied via a ROOT program.
When measuring the capacitance of the sensor, the LabVIEW program
treats the measured sensor as if it is a capacitor and resistor in parallel
with each other. Using the LCR meter the parallel resistance can also be
measured while conducting the CV measurement providing an RPV mea-
surement. This RPV measurement might also provide an estimate of the

depletion voltage.

3.4 Environmental effects on measurements

A rise in temperature increases the leakage current while also reducing the
breakdown voltage of the sensor (Sze), as shown in Fig. (3.6). The following
equation converts leakage current of a sensor at temperature, T, to that at

a temperature, Tg.

I(TR) = I(T) x <>3e i (=) |

Here E,; is the effective silicon band gap and kp is the Boltzmann constant.
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Figure 3.6: This is an IV graph of 3D sensor FEI 1R2C.1 taken at 5 different
temperatures. Here the temperature can be seen to be directly affecting the

leakage current and breakdown voltage of the sensor.
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Chapter 4

Results

4.1 Introduction

This chapter concerns the measured leakage currents and depletion and
breakdown voltages. Due to lack of time, a complete error analysis was
not conducted. The uncertainties used are analogous to these reported in
related papers describing measurements of similar devices conducted in the
same laboratory. In these studies, the authors found that, “the errors on the
IV and CV measurements include statistical and systematic uncertainties.
Systematic uncertainties include uncertainties associated with the setup con-
figuration (typically 1.9% ), the accuracy of the source and measurement
instruments (£0.3% + 100 fA for the Keithley 237; +0.029% + 300pA for
the Keithley 2410, and £0.34% for the HP4284A), the precision of the mea-
surement of the temperature (£0.5° C leads to uncertainty of +1.82% on
leakage current)” (Hoeferkamp). And, “The uncertainty in determining the
voltage where the CV graph had an inflection point, which is related to the

sampling frequency” (Sorenson, 7).
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4.2 3D sensors

The operational range for 3D sensors was determined by estimating the de-
pletion voltage by IV measurement, and by estimating the breakdown volt-
age by IV measurement. Figures 4.1 and 4.2 are example IV measurements

on 3D sensors.
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Figure 4.1: Standard IV measurement of the 3D sensor 201 W9 45 A
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Figure 4.2: Standard IV measurement of the 3D sensor 201 W9 45 C

4.3 LGADs

The operational range for LGAD sensors was determined by estimating the
depletion voltage by CV measurement, and by estimating the breakdown
voltage by IV measurement. Figures 4.3, 4.4, and 4.5 show a comparison
of characteristics of these sensors versus fluence from irradiation of these
sensors. Figure 4.3 shows the gain layer depletion voltage versus fluence,

and the full depletion voltage versus fluence for DC-LGADs.
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Figure 4.3: (Upper) gain layer depletion voltage versus fluence, and (Lower)

full depletion voltage versus fluence for DC-LGAD detectors.
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4.3.1 AC-LGADs

Figure 4.4 shows the gain layer depletion voltage versus fluence, and the full
depletion voltage versus fluence for pixel AC-LGADs. Figure 4.5 shows the
gain layer depletion voltage versus fluence, and the full depletion voltage

versus fluence for strip AC-LGADs.
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ACLGAD Pixel W3051 Fluence vs V
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Figure 4.4: (Upper) gain layer depletion voltage versus fluence, and (Lower)

full depletion voltage versus fluence for AC-LGAD pixel detectors.
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ACLGAD Strip W3073 Fluence vs V
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Figure 4.5: (Upper) gain layer depletion voltage versus fluence, and (Lower)

full depletion voltage versus fluence for AC-LGAD strip detectors.
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4.3.2 BNL DC-LGADs

Figures 4.6, 4.7, and 4.8 show properties of unirradiated BNL DC-LGAD
sensors. Figure 4.6 shows the results of the measured potential, V, at which
the gain layer is depleted of free charges. Figure 4.7 shows the results of
the measured potential, V, at which the sensor is fully depleted of free
charges. Figure 4.8 shows the results of the measured potential, V, at which

breakdown occurs.
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Figure 4.6: Distribution of measured potential, V, at which the gain layer
is depleted of free charges for BNL DC-LGADs.
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Figure 4.7: Distribution of measured potential, V, at which the sensor is

fully depleted of free charges for BNL DC-LGADs.
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Figure 4.8: Distribution of measured potential, V, at which breakdown oc-

curs for BNL DC-LGADs.
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Chapter 5

Conclusion

I have successfully determined the operational ranges for many 3D sensors
by using the depletion and breakdown voltage. I have also confirmed an
increase in breakdown voltage and leakage current with temperature for
3D sensors. I have found that the Depletion Voltage is shown to increase
with fluence. I have determined the operational ranges for many LGADs by
measuring their breakdown and depletion voltage by measuring the leakage
current. In doing this I gained the ability to find the same properties for

other sensors.
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