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1. Things to do

1.1.

Experiment 1: measurement of the band gap energy

The goal of this experiment is, to get the band gap energy of silicon and cadmium telluride. The
absorption and transmission coefficients, with are needed for the calculation get experimentally
detected. In order to get them the following steps must be taken:

1.2.

The way of the light shall be optimised with the right optical grid and filter.

The absorption and transmissions spectrum of the two available samples shall be measured
with the software 'LoggerPro’.

For both spectres a underground measurement is to be taken.
Errors shall be calculated on the measurement.

The values of the band gap energy of germanium and silicon shall be calculated, from the
transmission and the absorption spectra.

Experiment 2: The Haynes & Shockley-experiment

Now the understanding of the function of a semiconductor shall be deepened:

1.3.

The evolution in time and space of a cloud of cavity which has been generated by a laser
in an sample of germanium shall be looked at.

These changes are to be measured: The cavity gets moved by a driver voltage from the
laser to a needle which is connected to an oscilloscope. In a first measurement the distance
between needle and laser and in a second the driving voltage is changed.

From the time evolution of the main emphasis of the cavity cloud the mobility u of free
electrons in p-germanium is to be calculated.

From the change with the time of the strongnes of the signal the average live time 7. can
be calculated.

From the time evolution of the cavity cloud (standard deviation of a Gauss-plot) the
constant of diffusion D, of a free electron in p-germanium.

Experiment 3: semiconductor detectors

An application possibility for semiconductors is in the detection of v-rays. We use for the
spectres of two radioactive samples a silicon diode and a CdTe crystal:

The setup of the detector and its electronic shall be understood.
The spectres of °"Co and 2! Am shall be measured with a silicon diode.
The spectres of °"Co and 2! Am shall be measured with a CdTe crystal.

With the ratio of the height of the peaks the ratio of the probability for absorption of
silicon and CdTe shall be calculated.

From the position and broadness of the peaks the relative resolution of energy shall be
calculated.
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2. Theoretical Basics

One can divide materials in three different groups based on their specific resistance.
It is defined as

A
=R—.
P
Materials with a value of p <1073 Qcm are 'normal’ conductors. Materials with a specific
resistance of p >10% Qcm are insulators. Semiconductors have values in between those two cat-
egories. The specific resistance of semiconductors is heavily dependent on the temperature of
the semiconductor.

Semiconductors are mostly made from silicon or germanium. Those are a branch of semicon-
ductors called elemental semiconductors. They are made up of elements from the fourth main
group on the periodic table. The other branch is called compound semiconductor, which are a
mix of elements from the third and fifth group.

2.1. Band model

Following the laws of quantum mechanics, electrons are forced into certain energy levels while
trapped in a potential. Those levels are solutions to the Schrodinger equation.

If an electron is trapped in a potential valley between two atoms, we get discrete energy levels.
With two electrons, the stationary wave functions start to overlap. Following the Pauli prin-
ciple we get two slightly separated energy levels. If we look at a crystal with n atoms and n
electrons, instead of discrete levels we get continuous levels which are called bands.
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Figure 1: Representation of different energy levels/bands at different amounts of electrons and
potential wells.
[Amr, chap. 2.2.1, p.9]

At a temperature of 0 K the bands get filled up, from the bottom to the top till they reach the
Fermi edge. The highest, fully occupied band is called the valence band. All fully occupied
bands are not conducting, because the sum of the impulses of the electrons is zero. So no
electrons move effectively and therefore we have no current density ;

If we pump enough energy into the system (e.g. in form of an electro-magnetic-wave or ’light’),
some electrons get to move to the band above the valence band, which is called the conducting
band. To do so, one electron needs the energy AE (E,) which is the energy width of the
bandgap.

While an insulator has a bandgap with an energy difference of many eV, which results in
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not electrons getting excited just from thermal stimulation, a semiconductor has an E, of
(depending on the material) 1€V, which results in thermal stimulation. A normal conductor
has no bandgab between the valence and conducting band.

Electrons in the conducting band are called semi-free. They are responsible for the conducting
characteristics of a semiconductor. If we have a potential attached to our semiconductor the
electrons can move and therefore we can measure a current.

Stimulated electrons leave a hole behind (meaning an then positive charged atom). Those holes
can also move, if a potential is attached. But only indirect. The holes recombine with electrons
from an neighbour atom, creating a new hole which then recombines with an electron from an
neighbour atom and so on.

2.2. Characterisation of semiconductors
2.2.1. Direct and indirect semiconductors

The following illustration shows the energy bands of a silicon and a gallium arsenide semicon-
ductor in the pulse space (Figure 2).
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Figure 2: indirect (left) and direct semiconductor (right).
[Amr, chap. 2.4, p.17]

To stimulate electrons we need photons and grid-waves. Grid-waves are described as phonons
(quasi-particles). Phonons have high pulse compared to their energy.

Where direct semiconductor only needs energy to overcome the bandgab, the indirect semi-
conductor also needs pulse. The minimum of the conducting band and the maximum of the
valence band of a direct semiconductor are at the same position on the pulse axis of our pulse
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space. An example of such conductor is GaAs.

To achieve a direct transmission, the energy of the photon must be greater than the energy of
the bandgab FE,:

Ephoton = hw > Eg

Dphoton = hG G € reciprocal grid.

The maximum of the valence band of an indirect semiconductor is shifted sideways to the
minimum of the conducting band (Ap). At indirect transitions the pulse of the photon must
be connected to the energy of the bandgab via

E
A==
Because of the Ap a phonon must be present at the transmission. It can be annihilated or
created.

For the first case we would have

Ephoton + Ephonon = Eg
ﬁphoton +ﬁphonon = Aﬁ(+G) :

And for the second

Ephoton = Ephonon + Eg

ﬁphoton = ﬁphonon (+G) .

2.2.2. Intrinsic and extrinsic semiconductors

Intrinsic semiconductors are perfect semiconductors. They have no imperfections in their grid
or impurities with foreign atoms. Sadly it is not possible to create such perfect semiconductor.
Intrinsic semiconductors are only theoretical ones. Real ones are called extrinsic. They have
imperfections in their grid and or impurities. Those imperfections and impurities can result in
some strange and unwanted energy levels, which result in different conducting characteristics.
An atom from an intrinsic semiconductor would have four valence bonds. In an extrinsic, we
could have a foreign atom which has for example five or three valence bonds. With only three
bonds, there would be a hole, because an electron is missing. With five valence electrons we
would have an extra semi-free electron. Both cases would alter our conducting characteristics.
Most impurities are unwanted. Wanted ones are called doping.

2.3. p-n-diode

A p-n-diode is a n-semiconductor (i.e. it has surplus electrons) that joins a p-semiconductor
(i.e. it has surplus holes). Because of the surplus of electrons and holes in each layer it results
in the electrons and holes moving to the joined area and annihilating each other. That zone
is called barrier layer and is 1pm to 10pum thick. The ionised atom layers form an electrical
field, which suppresses more diffusion/movement of holes and electrons from each layer to one
another. In Figure 3 the equilibrium distribution of the charge carrier densities are shown.
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A p-Zone n-Zone

Figure 3: electron-density n. and hole-density n; at a p-n-crossing.
[Wal, chap. 5, p.280]

We can see that the number of electrons and holes are rising in the barrier layer (in the mid-
dle/b), if a current flow is poled in the passage direction (meaning that the positive pole is
connected to the p-zone). If the current flow is poled against the passage direction (blocking
direction) the number of electrons and holes are sinking again (c).
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3. Experiment 1: measurement of the band gap energy

3.1. Setup

The schematic setup in figure 4 shows the way of the light. The angle between both arms of
the optical bank is 15°. We use light of a lamp, that gets put in a straight bundle with the help

Figure 4: Schematic setup, measurement of the band gap.
[VeFP, chap. 2.4, p.4]

of a lens. Directly behind the lamp there is a so called chopper. This pulses the light with a
frequency of about 7T0Hz. Thanks to this the noise of the measured data can be reduced with
a Lock-In amplifier. The beam of light hits an optical grid. The grid can be turned. With the
help of the formula

he

E(¢)= 2dsin(¢) cos(1))

¢: angle of the optical grid,
h:Planck-constant,

c: speed of light,

d: gridconstant,

1: half opening angle of the bank = 7,5°

the computer calculates the energy of the light in a specific angle. From here the spectrum
comes to the sample (first silicon and in the next part germanium), again focused by a lens and
an aperture with a width of about 2 cm. In order to measure the absorption of the sample, we
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measure the electric resistance. The transmission is detected by a pyrodetector. In to measure
better spectra, there are special filters, which can be built onto the optical bank.

3.2. Procedure

At first we tried to get the the beam of light as straight as possible on the grid. Since we
wanted to measure silicon, we put 0.75mA on the U-I-changer. On the motor, that moves the
grid, we put the grid, which is optimised for silicon. On the computer we then had to set some
values. After this we then moved the grid from around —70 to 70 degrees in order to get the
data. With this setup we then measured:

e The absorption- and the transmission spectrum

e The background by covering up the sample

e The radiation power of the lamp (without a sample)
These measurements we then repeated for germanium. Here we had to change the U-I-changer
to 15 mA.
3.3. Data analysis

The evaluation of the measured data was done with Python. In the following some plots don’t
have error bars. That’s due to the fact that they are either too small to be visible or they were
intentionally omitted for the sake of clarity.

We calculate the errors of the absorptions and transmissions by measuring the intensity of the

light crossing and being absorbed by the sample thirteen times near the first bending maximum.
Of these we calculate the mean value. The errors are calculated with

= i S

The results are shown in Table 1.

transmission absorption
silicon 3.233-10716V oV
germanium | 1.599-10716V [ 2.388-10710V

Table 1: errors on amplitudes

We assume, that the reason, why we get no error for the absorption in the silicon, results from
a plug, which didn’t hold properly in the pin.

The method we use for the data analysis to get the band gap energies of silicon and germanium
is shown in Figure 5.
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Figure 5: Method of the analysis.
[VeFP, chap. 2.5, p.5]

At first we subtract the signals from their background and scale it on the power of the lamp:

_ Trans —Untergrrrans _
Trans,eq = Lampe AbSOTPreqr = Lampe

Absorp — Untergrrrans

(3.1)

Then we plotted, using Equation 3.1 the manipulated intensities of the transmitted and the
absorbed light over the wavelength. Because we are only interested in special areas, in which
there are characteristic intersections between the transmission and absorption plot, only these
areas are shown in the following. These areas are at the first diffraction maximum. We fitted
linear functions to the measured data left and right of these transmissions. The intersection
point of these fits gives the wavelength of the photons with the energy we are looking for.
The horizontal lines are fitted to the maximum of the transmission and the minimum of the
absorption spectrum. They give borders in which it is possible to get electron-hole pairs.

In order to get the error of the energy we have to calculate at first the error of the wavelength.
We do this by using the linear approximation:

Sa
Sy=n-—
a

where n is the number of measurement points used for the linear fit, a is the slope of the fit
and s, its error. From this we get with Gaussian error propagation an error for the energy.
Furthermore there is a systematic error which takes into account, that we always have not one
specific energy, but a bundle of different energies on the sample (see Figure 6).
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Figure 6: Way of the light.
[Amr, ,chap. 3.4,p.41]

For this we used the following formulas (from [Amr, ,chap.3.4, p.41]):

Wnin(®) = U + arcsin (Sin(\I’)L —D/2 CO;((I)) —d/2 cos(\Il)>

sin(V)L+ D/2cos(®) +d/2cos(¥)
: )

Winaz(®) = ¥+ arcsin (

. - 1( he B hc >
Esyst = 5 2dcos(¥)sin(Wiin/2)  2dcos(V)sin(Winez/2)

Here L is the distance between the optical grid and the lens, d is the width of the aperture,
D =2.5cm is the broadness of the grid and ¥ is half the angle between the arms of the optical
bank.

The two errors are added by

_ /2 2
Sp = SEA—{_SEsyst'

3.3.1. Silicon

Figure 7 shows the spectrum and the linear fit of the bending maximum at the negative angle.
Figure 8 shows the same for the positive angle. The whole measured data can be found in the
appendix in Figure 27. In Table 2 and 3 are the important data of the linear recursions and
the value of the x-axis of the intersection, which gives us a wavelength. In the plots of our data
analysis we connected the measurement data with lines in order to increase the clarity.
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Figure 7: Calculation of the wave length for silicon at negative angles.

Regression for transmission | —0.0018x — 1.8
Regression for absorption | 0.00136x 4 1.50
Wavelength (1043 £205) nm

Table 2: data of Figure 7
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Figure 8: Calculation of the wave length for silicon at positive angles.
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Regression for transmission

0.00218z —2.18

Regression for absorption

—0.0016x 4 2.2

Wavelength

(1135+248) nm

Table 3: data of Figure 8

By taking the weighted middle of the wavelength at the intersection left and right we get

|\ =(1080+ 158) nm |

for the wavelength of silicon. Form this we calculated with the formulas

he
E=—
A

SE:ESTA

the band gap energy of silicon. The resulting energy is

E,=(1.1+0.2)eV.

3.3.2. Germanium

For the sample of germanium we do the same calculations as with silicon. The results can be
seen in Figure 9 with Table 4 and Figure 10 with Table 5 and all of the data we measured in

the appendix in Figure 28.

Germanium left side

0.6 1
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Figure 9: Calculation of the wave length for germanium at negative angles.

Regression for transmission

—0.00093z — 1.6

Regression for absorption

0.0024z 45

Wavelength

(1900 4+ 30) nm

Table 4: data of Figure 9
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Figure 10: Calculation of the wave length for germanium at positive angles.

2000 2200 2400

Regression for transmission 0.0022z — 4
Regression for absorption | —0.0036x -+ 6.9
Wavelength (1849 +£11)nm

Table 5: data of Figure 10

This time we got a wave length of

|\ =(1874421) nm, |

and a band gap energy of

E,=(0.66140.008) eV.
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4. Experiment 2: Haynes & Shockley-experiment

This experiment is similar to a setup of J. R. Haynes and W. Shockley. They were the first
ones who could show the movement of charge in semiconductors.

4.1. Setup

In this experiment a laser, a optical fibre, an oscilloscope and a p-doped sample of germanium
are used. The optical fibre leads a laser pulse on the surface of the sample. The energy of the
laser pulse must be bigger than the band gap energy. In this way the electrons in the germanium
can be brought into the conducting band. On the sample there is a so called driving current.
It isn’t constant, in order to prevent a over-heating of the sample, so that the germanium can
cool down 98% of the time. To improve the result, we can change the intensity of the laser
and the point, at which the measurement starts, can be delayed. The driving current can be
subtracted of the data with the ’Shifted Output’. With the help of a needle on top of the block,
the charge carrier can be detected on an oscilloscope.

Laser } -

U

Figure 11: Schematic setup of the Haynes & Shockley-experiment.
[VeFP, chap. 4.2.2, p.47]

4.2. Procedure

After learning, how to use the measuring stick and the oscilloscope, we put a fixed distance
of 4.1 mm between the fibre and the needle. Then we varied the driving current between 50
and 25V in order to get the characteristic Gauss-function on the oscilloscope. After that we
measured with different distances (between 2 and 10 mm) and a fixed voltage.

4.3. Data analysis

4.3.1. U = const

First the collected data from the oscilloscope was plotted (Figure 12). Then we fitted Gaussians
to each peak (with d as the distance from the laser to the needle).
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fitat d=4.9 mm
fit at d=6.0 mm
fitat d=7.0 mm
fit at d=8.0 mm
fitat d=9.0 mm
fit at d=10 mm
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U [V]

t [s] l 1e—5.

Figure 12: Data and Gaussian fits for the electron clouds at different laser to needle distances.

We can see that the peak at 2-107° s is hardly a Gaussian and more of a m-shaped distribution.
Therefore the fit data for that peak is left out in most of the following calculations. While the
amplitude and position gave reasonable data, the variance doesn’t make any sense in the context
of the other data and the theoretical background behind the experiment.

By comparing the Gaussian
1 — Teontor 2
Gauss = A-exp (- (‘m) )
2 o

to the solution of the differential equation, which describes the movement of the electron clouds

— 2
R e R e |

with u, as the mobility of the electron cloud, 7;, as the mean lifetime of a cloud and D,, as the
diffusion constant, we can derive

Teontor (£) = fin Bt A(t) = C-exp <—t) o(t) = VIDut.  (41)

Tn

Therefore we have to do 3 different fits. First we start with the amplitude.
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amplitude fit
0.25
— fitat d=2.0 mm
— fitat d=2.5 mm
—— fitat d=3.0 mm
0.20 - — fitat d=4.1 mm
— fitat d=4.9 mm
— fitat d=6.0 mm
0.15 - — fitat d=7.0 mm
_ —— fitat d=8.0 mm
s —— fit at d=9.0 mm
- fit at d=10 mm
0.10 A —— exponential amplitude fit
0.05 A
0.00 -
0.0 2.5

t [s] | le-5

Figure 13: Exponential fit of the amplitudes of our Gaussian fits.

Ty is one of our fit parameters and is equal to

T = (3.8+£0.4) ps.

Next we calculated the velocity of the electron clouds. We would expect a linear curve, meaning
that the distance of the laser and the needle doesn’t influence the speed of the electrons. To do
so, we plotted the distance of the laser to the needle, against the time it took the amplitudes
from the clouds to reach the oscilloscope. Then we did a linear fit.
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velocity of the electron clouds

12 -

10 l >|<

distance in mm

0.0 0.5 1.0 1.5 2.0 2.5
tins le-5

Figure 14: Velocity of the electron clouds with a linear fit.

We can see, that it is indeed linear. Therefore the clouds have all the same velocity and we can
get the value of the velocity from our fit parameter

vy = (510 +15)

m
S .

The electrons move at roughly 0.0000017c. Therefore we don’t have to use relativistic equa-
tions and can operate with classical physics.

With the applied voltage U = (50+2)V and a length of [ = (30.0+0.1) mm for our germanium
block we get a electric field strength of

Ey = v_ (16.7£0.9) Vi
l cm

The mobility py can now be calculated via

= 7 = (3061 £ 182) - |

Last but not least, we calculated the diffusion constant D,, using o(t) = v/2D,t.
Because we weren’t able to get a proper fit for the square root function we plotted the squared
function. Then we fitted it linearly.

fspy = Eu -/ ((su/U)+ (s1/1)?)
M = nv - /(s0/0)? + (s/E)?
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Figure 15: Plot and linear fit for the squared diffusion constant.

The diffusion constant is now one half times of the square root of the fit parameter. As we can
see in Figure 15 the first three points are not on the line and have little error bars. This results
in a higher error for our diffusion constant. We get

2

Dy = (154 + 29) <2

S

4.3.2. d = const

The next part is more or less analogous to the first part. Now we have instead of a different
distance a different voltage applied. First we plotted the collected data.
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Figure 16: Exponential fit of the amplitudes of our Gaussian fits.

Because of the noisy data, we show only the fits of the peaks. The full plot is displayed in the

appendix (Figure 29).

Then we fitted the amplitudes following the amplitude relation from Equation 4.1. The fitted

curve is also shown in Figure 16. For the mean lifetime we get

‘Td = (3.5+£0.2) ps. ‘

Next we calculated the mobility.
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Figure 17: Data and linear fit for the mobility .

We plotted 1/U(t) against t. Then we fitted it linearly and multiplied it with the length [ of
the germanium block and the distance d from the laser to the needle

Hd:ld'm)

where m is the gradient fit parameter from our linear fit. We get

2

cim
— (3985 +141) —.
pd = ( )VS

Then we calculated the diffusion constant likewise to the first part.
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Figure 18: Plot and linear fit for the squared diffusion constant.

The tenth point is not used, because its value for the variance is far greater than for the other
peaks (see appendix Figure 30). As a result we get

2
Dy = (108+31) %
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5. Experiment 3: semiconductor detector

5.1. Setup

The setup is shown schematically in figure 19. As a detector we have a n-n"-silicon-diode and a
CdTe-crystal. Both are, with their pre-amplifier attached, on exchangeable circuit boards. The
pre-amplifier transforms the charge pulses into a voltage. Next the signal goes to the shaping
amplifier, which amplifies and optimises the signal to noise ratio. The resulting signal comes to
a multi-channel-analyser which sorts the different voltage pulses in different channels, according
to their amplitude. They get recorded by the computer.

Strahiung :
Detektor > \ orverstirker _>SmAn'p e ADCMCA >

Figure 19: Schematic setup of a semiconductor detector.
[VeFP, chap. 4, p.12]

5.2. Procedure

We measured the radioactive decay of °"Co and 2*'!Am. For both samples we used both detec-
tors. The measurement time of the experiments with ' Am was one hour, that of 5"Co were
two.

5.3. Data analysis

First we plotted the collected data from the experiment (Figure 20 and 22). The error for the
y-axis is \/n, where n is the number of counts. For the sake of clarity those error bars are not
shown here. The plots with error bars are shown in the appendix (see Figure 31 & 32).

Then we fitted a Gaussian-distribution at each peak. The energy for those peaks are known.
With the 5"Co sample in combination with the Si-detector we achieved no significant peak at
136.47keV. There was one peak, a very small one, which is shown in Figure 24. We fitted it,
but that gave us no usable results. Therefore we couldn’t calculate the absorption ratio and
relative energy-resolution for that energy.
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spectrum data and fit from 24*Am with CdTe detector

—— Am_CdTE fit at 59.5 keV
200 A —— Am_CdTe data

150 A
I
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0 -
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Figure 20: Spectrum from a radioactive ! Am sample using a CdTe-crystal as the detector.

spectrum data and fits from 2*1Am with Si detector

35
—— Am_Si fit at 59.5 keV

—— Am_Si data
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Figure 21: Spectrum from a radioactive 2! Am sample using a Si-semiconductor as the detector.
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spectrum data and fits from °’Co with CdTe detector

K —— Co_CdTE fit at 122.06 keV
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Figure 22: Spectrum from a radioactive ®’Co sample using a CdTe-crystal as the detector.

spectrum data and fits from °>’Co with Si detector

—— Co_Sifit at 122.06 keV
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Figure 23: Spectrum from a radioactive >’Co sample using a Si-semiconductor as the detector.
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data and fits for >’Co

8 T //_/'
|

61 —— Co_CdTE fit at 122.06 keV
o —— Co_CdTE fit at 136.47 keV
< —— Co_Si fit at 122.06 keV
S 44 —— (Co_Si fit at 136.47 keV)
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Figure 24: Segment from Figure 23.

With the fits and the known energy values of those peaks we were able to calculate for each
detector, what energy corresponds to one channel (Figure 25).
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energy callibration for the Si and CdTe detectors

225 A
—— CdTe fit
5 — Sifit
001 5 Am_CdTE at 59.5 keV
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Figure 25: Energy calibration for the Si and CdTe detectors. (The error bars are too small so
be visible.)

We can see that the line for the CdTe and Si detectors are close to each other but still different.
Therefore we conclude, that different materials have different absorption characteristics.

With the energy calibrations we can plot the spectra over the energy (Figure 26). This is only
shown for the Co probe with the CdTe-detector.

Energy calibrated spectrum of 3’Co with the CdTe detector

200 ~

150 A

# counts

50 1

0 50 100 150 200 250
Energy [keV]

Figure 26: Energy calibrated spectrum of the ®’Co probe with the CdTe-detector.
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In the next part we actually compare the different absorption probabilities of our two detectors
at different energies.

The absorption probability can be derived from the number of counts in one channel over a
period of time. In our case it would be the amplitude (A) of our fitted Gaussian. If we compare
two measurements, we need to normalise the time for each measurement. We also have to take
the effective/active area of each detector into account.

To calculate the ratios we have to follow

Absgi . ASi/aSi
Abscare  Acdre/acdre

(E)7

with ag; = 100mm? and acgre = 23mm? [VeFP, chap. 4.5, p.14, eq.10].
We calculated those ratios for £ = 59.9,122.06 and 136.47keV. The errors for the Abs-ratios
were calculated using Gaussian error propagation.

peak [keV] | Abs-ratio [%] | Literature [%]

59.5 1.9+0.3 1.40
122.06 1.83+£0.07 1.83
136.47 - 2.00

Table 6: Absorption ratios at different energies. [VeFP, chap. 6 ,p.15]

At last we want to examine the relative energy resolution (RER) of each detector at the peak
energies.

For doing that we need the full width at half maximum (FW HM) instead of the 'normal’
standard deviation. Fortunately we can convert the standard deviation of our Gaussians to the
FW HM with

FWHM(E) = 2,/2log(2)0(E) ~ 2.350(E).

To get the RER we need to divide the FWHM (E) with the energy E. The errors were
calculated via Gaussian error propagation.

detector | peak [keV] RER
99.5 0.318 +0.008
Si 122.06 0.078 £0.009
136.47 -

29.5 0.477£0.002
CdTe 122.06 0.175£0.004
136.47 0.139+0.006

Table 7: Relative energy resolution of a CdTe and Si detector.
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6. Summary and discussion

The goal of the first part of the experiment was to determine the band gap width of silicon and
germanium. In order to achieve this we measured their absorption and transmission spectra.
The values we derived from the measurement data are:

e Silicon: Fy=(1.14£0.2)eV
e Germanium: Ej; =(0.66140.008)eV.
The theoretical values are (from: [VeFP, chap.6, p.15]):
e Silicon: E; =1.12eV
e Germanium: E,; =0.66¢V.

It can be seen, that our values correspond very nicely with the ones from literature.

By comparing it to other literature data (see Table 8) we can see, that it still fits. Although we
also see, that the band gap depends on the temperature. But since this temperature dependency
is very small and we assume, that we measured near 30 K. Therefore we only have to look at
these values which are all very close to our measured data.

[Kit, chap. 8, p.222] | [Sze, append. G, p.849]

0K 30K 0K 30K
Si 1.17eV 1.14eV 1.17eV 1.12eV
Ge | 0.744eV  0.67eV 0.74 eV 0.66 eV

Table 8: Data from the literature.

The fact, that there are different data in literature shows, how difficult it is, to get an exact
value for the band gap energy.

The goal of the second experiment was to examine an electron cloud and its properties inside
of a germanium block. To do so, we used a laser and an electrical field to produce and move
the cloud. We then watched the charge of the electron cloud on an oscilloscope and varied
the applied voltage and therefore the electrical field. In the second part we varied the distance
between the laser and the needle.

The properties we wanted to measure are the mean lifetime 7, the mobility © and the diffusion
constant D. The values we measured are

‘ U = const. d = const. literature

7 [ns] 38+£04  35+02 45+2
@ fem?/(Vs)] | 3061+£182  3985+141 3900
D [cm?/s] 154+29 108431 101

Table 9: Derived values and their literature counterpart [VeFP, chap. 6, p.15].

First we have to say, that at both measurements the lowest voltage and the highest distance
were not usable. The highest distance gave a m-shaped distribution, while the lowest voltage
gave a Gaussian, but one that was way to wide to fit the theoretical implications. Therefore
those two were left out from the measurement in most parts.

Some values have relatively high errors. Most of the error propagation comes from our fits.
Only the voltage and distance have read-off errors, but ones that are not significant enough
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most of the time. Therefore the errors come directly from our measurements and the collected
data statistically fluctuating. Since the values are going in two different value directions from
the literature values, a systematic shift/error can’t be the main reason for the bad results. An
error caused by the experimenters is also unlikely, because virtually no data was read-off by
hand, and very little things are even adjustable in this experiment.

Both values for the mean lifetime are off significantly from the literature value. It looks like
both values are off by a factor of ten. With that factor and the then also ten times larger
errors we would be only 20 off for the constant U measurement and 5o off for the constant d
measurement. Those results would look more like reasonable results. By comparing our results
to results from older FP-groups we see that this isn’t the first time someone measures this ten
times smaller than it should be. Independent experimenters measured the same wrong value
over the last decade. Therefore we conclude that the measurement itself probably has a flaw in
it, which results in this deviation. Having in mind that the construction of this experiment is a
historic one, meaning that it should resemble the original construction and reading the original
paper from 1949 [HaySho|, where Mr. Haynes and Mr. Shockley measured a mean life span
of 10 us we can safely conclude, that the construction is not suited for an accurate measurement.

Looking at the mobility u we see that the measurement with a constant distance gave us a
more precise and better value than the measure with a constant voltage. For the constant
distance we are in a 1o range of the literature value with a relative error of 3.5%. With the
constant voltage we are only in a 5o range to the literature value, with a relative error of 5.9 %.
Looking at Figure 13 and 16 we see, that the Gaussian fits for the constant distance look more
fitting with what we would expect. In Figure 13 the fits are all over the place in terms of their
amplitude and variance. Figure 16 looks more clean and fitting (except of course the tenth fit).

Taking a look at the measured diffusion constants we can see a different picture. The value
from the constant distance measurement is very close to the literature value (1o range). The
constant voltage measurement is off quite a bit but still in a 20 range. That is due to the
fact, that the measurement has a relative high relative error of 18.8%. But the constant d
measurement has an even bigger relative error of 28.7 %. Therefore those measurements aren’t
really conclusive.

In the third part of the experiment we examined the usability of semiconductors (more precisely
a Si-diode and a CdTe-crystal) as detectors. To do so, we measured the radioactive spectra of
a 2'Am and a 5"Co probe, with both detectors. With given energies for the peaks of those
probes we then assigned each channel of our MCA to a certain energy. With that we fitted
Gaussians to each peak and used them to calculate the absorption probability ratios and the
relative energy resolutions of each detector.

The following tables show our results.

peak [keV] | Abs-ratio [%] | Literature [%]

59.5 1.9+0.3 1.40
122.06 1.83+0.07 1.83
136.47 - 2.00

Table 10: Absorption ratios at different energies. [VeFP, chap. 6, p.15]
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detector | peak [keV] RER
99.5 0.318 +0.008
Si 122.06 0.078 £0.009
136.47 -

99.5 0.477£0.002
CdTe 122.06 0.175£0.004
136.47 0.139 £ 0.006

Table 11: Relative energy resolution of a CdTe and Si detector.

First of all we didn’t measure a second peak at 136.47 keV with the Si detector and the *"Co
probe. This is due to the fact, that the probe is a very old one and not that active anymore,
because °"Co has a half-life of 270 days and the probe is some years old. We measured for two
hours with it, but should have measured five to six hours in order to get better results. Sadly
that wasn’t possible, because another group needed the same probe for their measurements.
Therefore we couldn’t calculate the Abs-ratio and the RER for that energy and the Si detector.

As we can see in Table 10 the Abs-ratio for the 59.5keV peak is within a 20 interval to the
literature value, with a relative error of 15.8 %. The Abs-ratio for the 122.06 keV peak matches
the literature value with a relative error of 3.8%. We can conclude, that the experiment
construction is a good way of measuring the spectra. But it can only give results if we know
the energy of the peaks before hand.

With the results from Table 11 we can conclude, that the higher the energy we measure, the
more precise our measurement is. Both detectors show that behaviour. The Si and CdTe de-
tectors show a significant increase of resolution when doubling the energy from about 60 to
120 keV.

This overall higher accuracy can also be observed in Table 10, where we receive a better Abs-
ratio for the higher energy.

We conclude, that the Si detector has a lower absorption probability than the CdTe which
makes it less precise in the eyes of number of events not detected, but it shows a better relative
energy resolution than the CdTe crystal. Therefore both detectors have their own sweet spot
of usability with high accuracy.
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D. Appendix

D.1. Extra plots
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Figure 27: Measured data for silicon.
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Figure 28: Measured data for germanium.
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Haynes & Shockley-experiment

Gaussian fits and amplitude fit
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Figure 29: Exponential fit of the amplitudes of our Gaussian fits with the original data.
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Semiconductor detector

spectrum data and fits from 2*1Am
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Figure 31: Spectrum from a radioactive 2*'Am sample using a CdTe-crystal and a Si-
semiconductor as the detectors with error bars \/n.

spectrum data and fits from >’Co
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Figure 32: Spectrum from a radioactive °’Co sample using a CdTe-crystal and a Si-
semiconductor as the detectors with error bars \/n.

D.2. Original data
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