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https://aether.lbl.gov/www/projects/neutrino/spn/nuint.html

https://aether.lbl.gov/www/projects/neutrino/spn/nuint.html


Ionization 

• Charged particles
• Electrons

• Ions

• Scattered particles that 
escape from the detection
• Neutrino

• Dark matter

• Neutrons

• Gamma-ray

Charged 
particle

Also works in solid, such as Ge, the 
track is, however, much shorter

Ions do not move freely in Ge. 
It is holes that move around

https://www.youtube.com/watch?v=i15ef618DP0

https://www.youtube.com/watch?v=i15ef618DP0


https://phet.colorado.edu/en/simulation/band-structure

1D Coulomb potential

https://phet.colorado.edu/en/simulation/band-structure




band

Band 
gap

More atoms bring more energy levels that merge into bands:

(Conductivity)
Electrons in higher band can move from one place to another:







Drift of charge carriers
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If you apply voltage to two sides of a piece of Ge, what will happen? Answer in kahoot.it

5N



At room temperature, Ge works almost like a conductor



Cryostat 









What if we apply voltage on a piece of Ge after we cool it down? Answer it on kahoot.it

LN2



x x

Electrons injected 
from outside

Holes injected 
from outside



15 protons & 15 electrons

Kahoot.it







Boron implantation

https://en.wikipedia.org/wiki/Ion_implantation

https://www.researchgate.net/figure/Fig-8-
Schematic-diagram-of-an-advanced-metal-ion-
implantation-method_fig5_250144359

https://en.wikipedia.org/wiki/Ion_implantation
https://www.researchgate.net/figure/Fig-8-Schematic-diagram-of-an-advanced-metal-ion-implantation-method_fig5_250144359


Lithium diffusion



Amorphous Ge contact





http://arxiv.org/abs/1809.03046

http://arxiv.org/abs/1809.03046
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Depletion of FREE-moving charges

+
+

+ +

+
+

+

+
+

+
+

++

+

+
+

+
+

+

+

+
+

+ +

P-type Ge is full of FREE-
moving holes:

Neutral 

−−−−−−−−−−−−−−−−−−−−−−− −

+++++++++++++++++++++++ +



Depletion of FREE-moving charges

+ +

+
+

+
++

+
+

+ +

Depleted P-type Ge is full of 
FIXED negative charges:
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undepleted

depleted

Negatively 
charged region

Still 
neutral

A depleted p-type Ge detector is negatively charged
A depleted n-type Ge detector is positively charged

Space charges
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Voltage distribution

https://www.wolframalpha.com/inp
ut/?i=V%27%27(x)%3Da
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Poisson’s equation:

Space charge 
density

Space charges play an 
important role in 
determining E!

𝑥 = 0

𝑥 = 𝑑

𝑥

https://www.wolframalpha.com/input/?i=V''(x)%3Da


Voltage & E distributions in planar detectors



Geometry matters



Exercise

• Market price of 5N (99.999%) Ge ingots: ~ $1k/kg

• If we have managed to deplete a piece of 5N Ge, estimate the space 
charge density in it
• Avogadro constant: 6x1023

• Ge density: 5.5 g/cm3

• Atomic weight of Ge: ~73, C: ~12

• A mole of C weighs 12 g



Answer 

• 1 mol C : 12 g → 1 mol of Ge: 73 g

• 1 cm3 Ge contains 5.5/73 mol of Ge atoms

• That is 5.5/73 x 6 x 1023 Ge atoms

• It only has 5.5/73 x 6 x 1023 x ~0.001% impurity 
atoms (5N material)

• That is ~4.6 x 1017 impurity atoms per cm3

• Some are doners, others are acceptors

• Space charge density: ~ 1013-15/cm3

Further purification is necessary



Zone refining
• invented by John Desmond Bernal
• further developed by William G. Pfann (left) in Bell Labs 

(1953)
• as a method to prepare high purity materials
• mainly semiconductors, for manufacturing transistors
• first commercial use was in germanium
• refined to one atom of impurity per ten billion

https://en.wikipedia.org/wiki/Zone_melting

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8072940

https://en.wikipedia.org/wiki/Zone_melting
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8072940


Poly crystal

https://www.researchgate.net/figure/a-EBSD-map-of-Ge-
surface-showing-the-preferred-001-growth-of-grains-b-grain-
and_fig4_272266177

https://www.researchgate.net/figure/a-EBSD-map-of-Ge-surface-showing-the-preferred-001-growth-of-grains-b-grain-and_fig4_272266177


Crystal growth

https://www.sciencedirect.com/topics/chemistry/czochralski-process

Si

Polish scientist Jan Czochralski invented the method in 1915 while 
investigating the crystallization rates of metals. He made this discovery by 
accident: instead of dipping his pen into his inkwell, he dipped it in molten 
tin, and drew a tin filament, which later proved to be a single crystal

https://en.wikipedia.org/wiki/Czochralski_method

https://www.sciencedirect.com/topics/chemistry/czochralski-process
https://en.wikipedia.org/wiki/Czochralski_method


Impurity profile



Planar detector fabrication procedure

Doi:10.1088/1748-0221/14/02/P02019



Summary 

• Charged particles create electron-hole pairs in semiconductor
• Ge needs to be cooled into a semiconductor

• To extract them out of the solid, we need to create E field
• P-I-N junction needs to be created on surfaces (contacts)

• Space charges (impurities) need to be reduced (crystal purification & growth)
• Working Ge detector is not neutral (p-type is negative, n-type is positive)

• Shape of detector can be optimized to have more uniform E across
• Both boundary conditions and space charge distributions change E



Capacitance of a planar detector

𝜀 = 16

https://www.electronics-tutorials.ws/capacitor/cap_4.html

https://www.electronics-tutorials.ws/capacitor/cap_4.html


Capacitance of a parallel capacitor

Definition of C

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/pplate.html

Kahoot.it

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/pplate.html
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Measuring detector capacitance, 𝐶𝑑
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Function generator

𝑑𝑄 = 𝐶𝑑𝑑𝑉

𝑑𝑉

R ~1 𝐺Ω

𝑑𝑄 = 𝐶𝑓𝑑𝑉𝑓

Can be measured

Known 

Can be tuned



Transient signal
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R ~1 𝐺Ω
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Exercise 

• A 0𝜈𝛽𝛽-decay deposits ~ 2 MeV energy in our Ge detector, how much 
voltage we can measure in the following circuit?
• On average, 2.9 eV is needed to create 1 pair of electron and hole

• One electron contains 1.6 x 10-19 coulombs of charge
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Exercise 

• A 0𝜈𝛽𝛽-decay deposits ~ 2 MeV energy in our Ge detector, how much 
voltage we can measure in the following circuit?
• On average, 2.9 eV is needed to create 1 pair of electron and hole

• One electron contains 1.6 x 10-19 coulombs of charge
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R ~1 𝐺Ω
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2 x 106 eV

2.9 eV
1.6 x 10-19Q= V=Q/C~ 11 mV



Operational amplifier

A component-level diagram 
of the common 741 op-amp:

https://en.wikipedia.org/wiki/Operational_amplifier

output potential (relative to circuit ground) is 
typically 100,000 times larger than the potential 
difference between its input terminals.

https://en.wikipedia.org/wiki/Operational_amplifier


Operational amplifier



Ideal operational amplifier

𝑅𝑖 = ∞

𝑅𝑜 = 0→Ideal voltage source

• Infinite gain
• Infinite bandwidth

Input resistance 𝑅𝑖:
It is measured by 
connecting an ideal 
ohmmeter between 
the input of the device 
and common ground

VCC

VEE

UC Berkeley, EE105 – Fall 2015



Charge sensitive amplifier 

−
+

Common ground

Inverting voltage amplifier

Voltage gain~∞

𝑄𝑓

Since no charge can flow 
into opt-amp (𝑅𝑖 = ∞), 

𝑣𝑓 = 𝑣𝑜 − 𝑣𝑖 = −𝐴𝑣𝑖 − 𝑣𝑖 = − 1 + 𝐴 𝑣𝑖

= 𝐶𝑓𝑣𝑓 = −𝐶𝑓 1 + 𝐴 𝑣𝑖

− − −

−( )

= 𝑄𝑓/𝑣𝑖 = − 𝐴 + 1 𝐶𝑓

Feedback 
capacitor

Analog and Digital Electronics for Detectors - Helmuth Spieler, LBNL



Feedback resistor
𝑅𝑓= −𝑄

-Q +Q

𝑅𝑓 → ∞

𝜏 = 𝑅𝑓𝐶𝑓 is chosen to bring the baseline 

back to zero to avoid event pile-up 

𝜏 is too short compared 
to the rise time of signal

Event 0

Event 1

Event 2

Event pile-up without 𝑅𝑓: 

Practice: is a large 𝑅𝑓 preferred in 0vbb experiments?



Complete circuit



Filters 

because the capacitor never reaches a full charge when the 
input frequency is too high, the capacitor can intercept current 
that would otherwise go to the output of the circuit as it 
pulses. As a result, the electrical output approaches zero above 
a particular frequency.

high-frequency signals can pass, while the 
capacitor blocks any frequencies that are too low.

https://www.arrow.com/en/research-and-events/articles/rc-
circuit-basics-low-high-pass-filtering-and-formulas

https://www.arrow.com/en/research-and-events/articles/rc-circuit-basics-low-high-pass-filtering-and-formulas


Shaping amplifier

Gaussian shaping

infinite input impedance and zero output impedance, 

serves to isolate individual networks 



Analog pulse processing chain 



Noise VS shaping time

Shaping time 𝜏

Noise level

If a commercial pre-amp is used, there is nothing to 
tune. One just need to find a good shaping time to 
achieve the lowest noise that the pre-amp can deliver.



Pole-zero cancellation

Pole-zero 
cancellation

Shaping 
amplifier

Ideal caseReal life:



MCA

https://en.wikipedia.org/wiki/Multichannel_analyzer

https://en.wikipedia.org/wiki/Multichannel_analyzer


Summary 

• Transient signal (dQ) is extracted from the bias loop through a capacitor
• Process of depletion can be monitored this way (dQ=VdC)
• dQ created by energy deposition can also be extracted this way

• Charge-sensitive amplifier is used to convert collected Q to V

• Shaping amplifier is used to 
• Amplify small signals
• Reduce the influence of pulse pile-up (step function to gaussian)
• Reduce electronic noise by choose a good shaping time to limit bandwidth

• Pole-zero is used to reduce overshoot

• Signals after shaping can be binned into a histogram in MCA (hardware) for 
statistic analysis


