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INTRODUCTION

1.1. Silicon Detector
Particle detectors are devices, or instruments that can detect track, momentum, energy, etc. of the
incident particles. There are 3 types of detectors: solid, liquid, gas. Our study is focused on solid
semiconductor silicon detectors because of various advantages over liquid and gaseous detectors.
The energy required for the generation of electron hole pairs is comparatively smaller. These
have high density of atoms and therefore are compact. They have a smaller size and can be
carried easily from one place to another. Silicon is chosen because it is easily available and its
natural oxide can act as both insulating and passivating layers. It can be operated at room
temperature. Also it has a developed electronics technology.
In solids, when many atoms come together to form a crystal lattice, their individual wave
functions overlap and their individual energy levels become degenerate and form energy bands
consisting of energy levels separated by very small energies, which can be effectively taken as
continuous. The highest energy band which has occupied states is called valence band and the
lowest completely unoccupied band is called conduction band, with an energy gap between the
two bands, which does not allow any energy state. Depending on the energy gap between valence
and conduction band, a solid state body is classified as conductor, insulator or semiconductor. A
semiconductor is a material that has an energy band gap not so large enough and the electrons
can be thermally excited to the conduction band from the valence band. Silicon is a
semiconductor with an energy band gap of 1.12 eV at 300 K.
The density of electrons is defined by the integration of the product of density of available
electron states in the conduction band and the Fermi-Dirac distribution, over all energy range.
Fermi energy (EF) is defined as that energy level at which the probability of the electron
occupying a state is exactly half at all temperatures, except 0 K and is 1 for energies lower than
EF and 0 for for energies greater than EF, at 0 K.
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Similarly, density of holes in the valence band can be calculated. For an intrinsic semiconductor,
the electrons in the conduction band are thermally excited. Hence, the number of electrons in the
conduction is equal to the number of holes in the valence band. However, in an extrinsic
semiconductor, either trivalent or penta-valent impurities are added, that makes the
semiconductor p-type or n-type because of excess of hole or electrons carriers, respectively. For
both the case, the law of mass action states that the product of number of electrons in the
conduction band and the number of holes in the valence band is constant at a fixed temperature
and is independent of amount of donor and acceptor impurity added. For silicon, the intrinsic
carrier density at room temperature is approximately 1010 cm-3.
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When a particle is incident on a block of silicon, it creates electron hole pairs by ionization. A
minimum ionizing particle deposits the least energy in the lattice. It leads to creation of ~ 80 e-h
pairs/µm in silicon. Then, for a 300 µm thick detector, the number of charge carriers created will
be 24,000. This is known as the signal.
Now, in a simple piece of semiconductor of 300 µm thickness, the number of free charge carriers
is very large 3 * 108. This is the noise. Since, the signal to noise ratio is so small, it cannot be
used as a particle detector. Therefore, we use a pn junction in the reverse bias mode, which has
current because of the minority carriers, which for a 300 µm thick junction can be calculated to
be equal to 3. This gives a good signal to noise ratio.
A pn junction is formed by diffusing p-type impurities on a n-type wafer or vice versa. The
majority carriers (electrons in n-type, holes in p-type) diffuse to the other side because of the
density gradient, leaving behind ions. This region of positive and negative ions formed is called
depletion region. The electric field and the potential developed in this region can be calculated
using the Poisson’s equation. Also the depletion width can be calculated. The diagrammatical
view is shown in Figure 1.
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In the presence of an external source, in the above equations ΔV is simply replaced by ΔV+V.
The above theory has been generated from [R1, R2, R3, R4].

Figure 1.1: Formation of depletion region in a PN diode. The charge density, electric field and
the potential profiles developed in the depletion region are shown.

Silicon detectors are presently being used in various experiments like CMS, ATLAS, ALICE,
LHCb, etc. and in different configurations like pad diodes, strip detectors, double sided strip
detectors, pixel detectors, low gain avalanche detectors (LGADs), 3D columnar detectors, 3D
double sided columnar detectors, avalanche photodiodes (APD), high voltage complementary
metal oxide semiconductor (HV-CMOS), etc.

1.2 About Silicon Diodes:
Due to their simple geometrical layout, planar diodes (also called pad diodes or pad sensors) are
commonly used as test structures to investigate material properties. They can be reasonably well
approximated with simple assumptions. This facilitates the calculation of certain quantities
necessary for transport simulations and offers the possibility to study certain aspects of the
material with a well defined geometry.
A sketch of a typical pad diode is shown in Figure 1.3.

Figure 1.2: Sketch of a pad diode.
The Sensor used is a silicon detector, a reverse biased p-n Junction diode. The diodes have a
basic double-sided p+-n-n+ or n+-p-p+ diode structure. The component area is surrounded with a
guard ring to define the active volume precisely and prevent skewing of the leakage current
measurements. With no guard ring, the electric field could reach the dicing edge of the sample.
Then, large external currents could be pulled into the diode.

Figure1.3: A diode sample on a ceramic plate prepared for measurements.
The contact pad on the front side has an opening in the middle, thus enabling direct illumination
of the diode. The opening in the pad, the guard ring, and the bonding wires can be seen in Figure
1.4 where a diode is glued on the ceramic plate. The size of the diode samples is 8 mm x 8 mm,
although the active detecting volume is sized 5 mm x 5 mm.

Figure1.4: Picture showing Silicon Diode mounted on Ceramic PCB.
The above Figure shows the diode Glued on Ceramic PCB using Silver Glue and then is Bonded
to develop a connection to SMA connector.

1.3 About IV Measurements:
The detector used In our experiment is a basic p-n junction diode although the process of growth
of crystal is different but the geometry remain simple enough allowing us to compare its
characteristic with a p-n junction diode.
When the forward voltage exceeds the diodes P-N junction’s internal barrier voltage, which for
silicon is about 0.7 volts, avalanche occurs and the forward current increases rapidly for a very
small increase in voltage producing a non-linear curve. The “knee” point on the forward curve.
Likewise, when the diode is reversed biased, cathode positive with respect to the anode, the
diode blocks current except for an extremely small leakage current, and operates in the lower left
quadrant of its I-V characteristic curves. The diode continues to block current flow through it
until the reverse voltage across the diode becomes greater than its breakdown voltage point
resulting in a sudden increase in reverse current producing a fairly straight line downward curve
as the voltage losses control. This reverse breakdown voltage point is used to good effect with
zener diodes. Then we can see that the I-V Characteristic Curves for a silicon diode are nonlinear.

Figure 1.5: IV Characteristics of Silicon Detector.
In our experiments we took IV measurements of detector under test to determine full depletion
voltage of the silicon diode detector and to measure the leakage currents present in the detector.
The dependence of leakage current on voltage is further used to determine the detector breakdown voltage and the leakage current damage constant
A measurement of the IV characteristic allows determining the break down voltage and the
contribution of shot noise to the total noise of the detector read-out.
Depending on the type of radiation and the structure of diode the one or the other component of
leakage current dominates. The increase of the leakage current results in increased noise and
contributes to higher power consumption and therefore heat.
1.4 About CV Characteristics:
The measurement of capacitance as a function of applied bias voltage is a basic tool for
determination of the effective doping concentration and full depletion voltage and dependence
of leakage current on voltage is used to determine the detector break-down Voltage. Capacitance
is determined from the complex impedance. It is calculated from the measured amplitude and
phase shift of the current signal in response to an AC measuring voltage with user selected
frequency.
The Capacitance for un-irradiated diodes with thickness d, area A and depletion width W(U) the
capacitance is given by
dQ
dW

= εε₀

A
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The junction or depletion layer capacitance per unit area is defined as

C = εε₀

A
d

C-V measurements helps us in determining full depletion voltage of the the detector and end
capacitance.
Full Depletion Voltage:
It is possible and desirable to increase the depletion width through the whole detector thickness
D by biasing the detector with sufficient reverse voltage, and the voltage required to extend the
depletion voltage fully throughout the detector thickness is called full depletion voltage Vfd.

Figure 1.6: CV and 1/C2-V characteristic of a Diode.

EXPERIMENT No. 1.1
Aim: To perform IV measurements on the given Silicon Detectors.
Theory:
When a particle is incident on a silicon detector, it creates electron hole pairs by
ionization. A minimum ionizing particle deposits the least energy in the lattice. It leads to
creation of ~ 80 e-h pairs/μm in silicon. This is known as the particle signal. The number of free
charge carriers already present in the silicon detector contributes to the noise signal also called
the leakage current. To ensure a good signal to noise ratio, it is important that the leakage current
remains low. Therefore, we study the I-V characteristics of different sensors in the laboratory as
a check to the order of magnitude of the leakage current. Also it is important that the operating
voltage of the detector lies far below the breakdown voltage.
The IV setup at Delhi University is interfaced through developed interface software in LabView.

Instruments Required:
To perform IV measurements on silicon detectors the devices used are Keithley 237 source
measuring Unit and Keithley 2410 source measuring Unit.
Keithley 237 High Voltage Source Measuring Unit: The Model 237 Source-Measure Unit is a
fully programmable instrument, capable of sourcing and measuring voltage or current
simultaneously. This system is really four instruments in one: voltage source, current source,
voltage measurement, and current measurement.

Figure 1.1: Picture of Keithley 237 High Voltage Source meter.

Keithley 2410: Source Meter models provide precision voltage and current sourcing as well as
measurement capabilities. The power source characteristics include low noise, precision, and
read back. The multi meter capabilities include high repeatability and low noise. In operation,
these instruments can act as a voltage source, a current source, a voltage meter, a current meter,
and an ohmmeter.

Figure 1.2: Picture of Keithley 2410 Source meter.

Software Used:
The measurements were controlled by custom written LabVIEW software on a personal
computer which also stores the measurement data to the storage disk.

Wires and Connectors:
In the setup of IV Measurement coaxial wires with different connectors (such as BNC, SMA,
Banana), optical fiber, USB’s and GPIB’s are used for serial Communication. A table containing
wire and connectors used information with the specific device is listed below:-

SR.
NO

DEVICES

CONNECTIONS
Wires

CONNECTORS

MADE
wires

KEITHLEY 237

From guard o/p to
voltage bias(590 cv) or
diode(BNC-BNC)

BNC(F)-BNC(M)
(for diode)
- (for 590 cv)
Triax(M)-BNC(F)
BNC(F)-SMA(M)
Triax(M)-BNC(F)

RG142/2X 11BNC/
2500MM
ITEM NO.: 84233638

From output sence to
diode (BNC-BNC)
From ground o/p to
ground shield
(Banana-crocodile)
GPIB to KUSB

-

From ground o/p to
ground shield
(Banana-crocodile)

CROCODILE CLIP

-

RG142/2X 11BNC/
2000MM
ITEM NO.: 84233632
NORMAL WIRE

E119932 9U AWM
STYLE 2464 VW-1
80O C SR-PVC 300V
IEEE 488 26AWG
NORMAL WIRE

KEITHLEY
2410

From I/O, to
diode(Guard) (BNCBNC)
GPIB-USB

-Dual Banana (at
K2410)
-BNC(M)-SMA(M)
-SMA(F)-SMA(F)
-

BELDEN
YR39859(8262)
M17/155-00001 MILC-17 16428 PX
C&M 9U AWM
STYLE 2464 VW-1
--- LL33361 CSA
AWM I/II A/B 80OC
300V FT-1 C (10-172000) 28668

Table 1.1: Table showing wires, connectors used and their connections between devices.

Connections and Steps to Perform Experiment:
1.1.A) The steps and connections given below are to measure the pad current and voltage
characteristics using LabVIEW software.

Figure 1.3: Connections of wire connector from devices to diode to measure Pad Current and
Voltage characteristics.

Figure 1.4: Picture showing Setup of IV/CV measurement set up in a class 1 clean Bench.

Steps to perform experiments:
1. Connect the wires as shown in Figure 1.4.
2. Open the folder SERC School on Desktop then IV Measurement.exe and press enter.
3. In the window tab “Experimental Details” enter the name of operator, diode name, set
the Bulk Type, Temperature, remarks if any and press Save button to ensure that the
data should be saved in a text file.

4. Then go into the “Diode Bias Properties” tab and enter the start, stop and no. of steps
value.

5. In window tab “Type of Operation “, select from drop down menu Single I meter.

1.1.B) The steps and connections given below are to measure the Guard current and voltage
characteristics using LabVIEW software.

Figure1.5: Block Diagram showing connections of wire connector from devices to diode to
measure Guard current and Voltage characteristics.
Steps to perform experiments:
1. Connect the wires as shown in Figure 1.5.

2. Open the folder SERC School on Desktop then IV Measurement.exe and press enter.
3. In the window tab “Experimental Details” enter the name of operator, diode name, set
the Bulk Type, Temperature, remarks if any and press Save button to ensure that the
data should be saved in a text file.

4. Then go into the “Diode Bias Properties” tab and enter the start, stop and no. of steps
value.

5. In window tab “Type of Operation “, select from drop down menu Two-I meter.

Result:
Precautions:
1)
2)
3)
4)
5)
6)
7)
8)
9)

Check the continuity of the circuits (cables & connectors) using multi-meter.
Make sure bonding on pad and guard should not be sorted.
Soldering should be proper.
Check the proper grounding of all the devices.
Bonding should not be on Silicon, it should be on Al2O3.
There should not be any resistance in the open loop and zero in the sorted one.
Compliance is to be set at 10uA before giving any external bias to the Diode.
Temperature should be maintained properly.
Switch ON the booster and filter attached to the clean bench where the experiments are
performed.

EXPERIMENT No. 1.2
Aim: To perform CV measurements on the given Silicon Detectors.
Theory:

Silicon sensors are operated in the reverse bias mode for particle detection purposes. Undepleted
regions in the active area of the detector lead to recombination of the generated electron-hole
pairs by the incoming particle and a high leakage current (noise). Also, insufficient electric
field in the depletion region leads to the trapping of the charge carriers during their drift to the
electrodes. If they are not untrapped before the electronics readout time, they are lost for
collection. This decreases the signal contribution at the output terminal. Therefore, in order to
achieve a high collection charge efficiency, the sensor must be operated in the over
depleted mode, i.e. at approximately 1.5 times the full depletion voltage. So it is important to
determine the full depletion voltage of the sensor before operating it as a particle detector. The
voltage required to fully deplete the sensor can be measured by determining the backplane
capacitance of the sensor. It is that voltage at which the depletion region does not growany
further and the capacitance becomes a constant value.
The CV setup at Delhi University is interfaced through a developed interface software in
LabView.

Instruments Required:
To perform IV measurements on silicon detectors the devices used are Keithley 237 source
measuring Unit and Keithley 2410 source measuring Unit.
Keithley 237 High Voltage Source Measuring Unit: The Model 237 Source-Measure Unit is a
fully programmable instrument, capable of sourcing and measuring voltage or current
simultaneously. This system is really four instruments in one: voltage source, current source,
voltage measurement, and current measurement.

Figure 1.1: Picture of Keithley 237 High Voltage Source meter.

Keithley 590 CV analyzer: The Model 590 CV Analyzer is a sophisticated instrument designed
as a complete solution for individuals requiring capacitance and conductance versus voltage
measurements in semiconductor testing. The unit can test devices at either 1OOkHz or l MHz,
depending on installed modules. The Model 5901100k tests at l00 kHz, while the Model 59011M
operates at l MHz. The Model 590/l00k/l MHz can test at both frequencies is 15mv RMS.

Figure 1.2: Picture of Keithley 590 CV Analyzer.

Software Used:
The measurements were controlled by custom written LabVIEW software on a personal
computer which also stores the measurement data to the storage disk.

Wires and Connectors:
In the setup of CV Measurement coaxial wires with different connectors (such as BNC, SMA,
Banana), optical fiber, USB’s and GPIB’s are used for serial Communication. A table containing
wire and connectors used information with the specific device is listed below:SR.
NO

DEVICES
KEITHLEY 237

KEITHLEY 590
cv Analyzer

CONNECTIONS
Wires
From ground o/p to
ground shield
(Banana-crocodile)

CONNECTORS

GPIB to KUSB

-

GPIB to 590 CV
Analyzer

-

From ground o/p to
ground shield
(Banana-crocodile)

CROCODILE CLIP

From voltage bias to
(BNC-BNC)

-

-

MADE
wires
NORMAL WIRE

E119932 9U AWM
STYLE 2464 VW-1
80O C SR-PVC 300V
IEEE 488 26AWG
E119932 9U AWM
STYLE 2464 VW-1
80O C SR-PVC 300V
IEEE 488 26AWG
NORMAL WIRE

RG142/2X 11BNC/
2500MM
ITEM NO.:
84233638

From input to
diode(BNC-BNC)

BNC(F)-SMA(M)

BELDEN
YR39859(8262)
M17/155-00001
MIL-C-17 16428 PX
From output to
BNC(F)-SMA(M)
BELDEN
diode(BNC-BNC)
YR39859(8262)
M17/155-00001
MIL-C-17 16428 PX
Table 1.2: Table showing wires, connectors used and their connections between devices.

Connections and Steps to Perform Experiment:
The steps and connections given below are to measure the Capacitance and voltage
characteristics using LabVIEW software.

Figure 1.3: Connections of wire connector from devices to diode to measure Capacitance and
Voltage characteristics.

Figure1.4: Picture showing Setup of IV/CV measurement set up in a class 1 clean Bench.

Steps to perform experiments:
1. Connect the wires as shown in Figure 3.
2. Open the folder SERC School on Desktop then CV Measurement.exe and press enter.
3.
4. In the window tab “Experimental Details” enter the name of operator, diode name, set
the Bulk Type, Temperature, remarks if any and press Save button to ensure that the
data should be saved in a text file.

6. Then go into the “Diode Bias Properties” tab and enter the start, stop and no. of steps
value.

7. In window tab “ CV Analyzer Properties“ select from drop down menu Bias Type:
External Voltage (200V).

Precautions:
1)
2)
3)
4)
5)
6)
7)
8)
9)

Check the continuity of the circuits (cables & connectors) using multi-meter.
Make sure bonding on pad and guard should not be sorted.
Soldering should be proper.
Check the proper grounding of all the devices.
Bonding should not be on Silicon, it should be on Al2O3.
There should not be any resistance in the open loop and zero in the sorted one.
Compliance is to be set at 10uA before giving any external bias to the Diode.
Temperature should be maintained properly.
Switch ON the booster and filter attached to the clean bench where the experiments are
performed.

RESULTS AND DISCUSSION:
The leakage current for a good detector should be of the order of nA or even below, at the
operating voltage for a non-irradiated detector as shown in a sample plot below. The breakdown
voltage is that voltage at which a sharp rise in the leakage current is seen

Figure1.1 IV characteristics of F6 Diode.

Figure1.2 IV characteristics of E6 Diode.

Figure 1.3: IV characteristics of G6 Diode.

Figure 1.4: IV characteristics of G4 Diode.

Figure 1.5: IV characteristics of H2 Diode.

It is visible from the sample plot below that 1/C2 rises with voltage and then becomes constant.
The full depletion voltage is determined by extrapolating the two linear regions in the 1/C2 vs V
plot. The intersection point gives the value of the full depletion voltage.

Figure 1.6: CV characteristics of G6 Diode.

Figure 1.7: IV characteristics of E6 Diode.
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