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General information

Application PHYWE

Semi-conductors are used widely in
sensor technology such as cameras and
an understanding of them is very
important for fields such as solid state
physics and particle physics.

This experiment can be used to gain a
first understanding of semi-conductors.

Fig.1: Experimental set-up
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Other information (1/2) PHYWE
:@: The prior knowlege required for this experiment is found in the theory section.
=——
Prior

knowledge

The current-voltage characteristics of different semiconducting diodes is measured.
= @ For a npn-transistor the collector current in dependence on the collector-emitter

voltage is measured for different values of base current strength.
The collector current is measured in dependence on base current. The base voltage is

Main observed in dependence on base current.
principle
Other information (2/2) PHYWE
@ The goal of this experiment is to investigate the characteristics of semi-conductors.
Learning
objective

Measure the current - voltage curve for TN4007 and 1N4148 silicon diodes, a
germanium diode, a Zener-diode and a red LED.

Tasks
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Theory (1/12) PHYWE

p-n junction properties

A p-doped semiconductor contains impurities called acceptors that can catch electrons from the valence
band. E.g. in a typical semiconductor made of atoms with four valence electrons like silicon this might be an
element of group III in the periodic table, e.g. boron. The reacting electron level is near the band edge, so
that at room temperature a considerable part of these levels is occupied thus forming holes in the valence
band. The holes in the valence band act as mobile charge carriers while the acceptor ions stay immobile in
the crystal lattice.

In a similar way an n-doped semiconductor contains impuritys called donors capable of delivering electrons
by thermal exitation to the conduction band as mobile carriers. For a four-valent semiconductor of group IV
these would be elements of group V such as phosphorous.

In thermal equilibrium the Fermi level usually lies in between the band edge and the ionized impurity levels.

Theory (2/12) PHYWE

energy for depletion region
electrons : :

When an n-doped and a p-doped semiconductor are
brought in contact, a p-n junction forms:

In the contact area some electrons from the donors

conduction band
of the n-doped semiconductor recombine with the peEEpton | n-doped Fermi
: level
ooo00cc000 /

acceptors of the p-doped semiconductor without N e O Gy PR

R R . . Y Tyt
creating mobll'e charge carriers bgt creating a space diffusion | TR T N %“’“’Z;‘)’n";i"z\f’e‘f/ band gap
charge, a barrier layer. The electric field of this potential| I

space charge equalizes the Fermi levels of both
parts and affects the mobility of charge carriers in
the valence- or conduction band. In both of them
the space charge is such that it repells the mobile
carriers. So the contact area is depleted of carriers -
a depletion zone is formed (Fig. 2).

Fig. 2: p-n junction with equally strong impurity
concentrations on both sides without external
electric biassing field
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Theory (3/12) PHYWE

A p-n junction almost completely blocks electric conduction. Since the activation energies of these reactions
are within thermal energy range at room temperature, there is a diffusion current inside the depletion layer
- impurities keep releasing and catching charges from their surrounding impurity levels or energy bands. A
smaller fraction on the surface of the space charge region can also release their charges to the outside of
the space charge region producing a reverse current, if there is reverse bias on the junction, or a forward
current for small forward bias.

If a voltage is applied to such a device the polarity makes a difference: If the negative terminal is connected
to the p-doped part, this is called reverse biassing of the diode. The energy level of the electrons is raised in
the p-doped and lowered in the n-doped section.

Theory (4/12) PHYWE

energy for depletion region
. . electrons : ;
The space charge can increase now because it is for _—
more impurities energetically favorable to - ‘
recombine with the other impurity type until the soped
p-dope

field inside the bulk p- or n-doped section vanishes

again - remember it is electrically conducting. So the e :

depletion layer gets thicker and the space charge | --00800000908,, b e s
electrical field stronger. The p-n junction still blocks ;?:?SEI FPEPEBEBER, 1. n-doped /Ieevel
electrical conduction as the mobile carriers are e % o

repelled from the space charge region. donor lever/ |Pand 93P
valence band space
Fig. 3: p-n junction with reverse bias
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Theory (5/12) PHYWE

energy for
Forward biassing the diode means to put the electrons JE—
positive terminal to the p-doped part. Then, at low _
voltages, still no current flows since the carriers c°"‘i‘f;2§2dba”d e
would have to get over the diffusion potential to p-doped 6066060606060 _/'e"e'
cross the depletion layer. Only if the voltage equals g Tacceptor T ] é%i—é%éé%éi;?’ ba'r‘]d oo
the diffusion potential, the band edges “get b ['eve’ donor level
straight”, the space charge and the depletion layer
get dissolved and forward current can flow. Holes valence band
and electrons can enter the oppositly doped region
and recombine there. space

Fig. 4: p-n junction with forward bias

Theory (6/12) PHYWE

Shockley ideal diode equation

Vb
I— I (ei/ _ 1)

with diode current], reverse saturation current I, quality factor n, Boltzmann constant kg, temperature T
and electron charge e.

If ohmic resistance is negligible and the current large compared to reverse current, then this equation
predicts an exponential increase of the current with the voltage. So an ideal diode can be used in
combination with a linear operational amplifier for a circuit that outputs the logarithm of an input signal or
the inverse of that. Adding voltages can be done with resistors, so two of those circuits can perform a
multiplication of input signals. Thus diodes can prove helpful for analogue signal manipulatinon circuits.
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Theory (7/12) PHYWE

Technical significance

Semiconductor diodes are made of p-n junctions. One main purpose is their operation as as electronic
valves, allowing conduction in mainly one direction, e.g. as rectifiers. The different properties of the
semiconductors cause the different properties of the diodes, that is impurity concentration on both sides,
band gap, and if the semiconductor is a direct or indirect one. In direct semiconductors the lower edge of
valence band, that is where the minimum energy states are in momentum (k-)space, is at the same
momentum where the valence band energy has its maximum. In indirect semiconductors conduction-band
energy minimum is not at the same momentum (k-)space position where valence band energy maxiumum
is. So a phonon could serve to supply the needed momentum difference for band-band transitions, changing
probabilities for photon reactions, as photon and phonon would have to react simultaneously.

Theory (8/12) PHYWE

Figs. 2 to 4 do not show the momentum space structure that the bands have - momentum space is inverted
usual space for the electrons inside a periodic potential of a crystal.

If the dopant concentration is larger, then the thickness of the depletion layer gets smaller, the electrical
fields inside the juncion stronger. This can have two consequences: For large dopant concentration the
thickness can be small enough that electrons can tunnel trough the depletion layer leading to a reverse
tunnel current called Zener current. If the doping is strong enough that this can already happen at zero
applied voltage, the device is called a tunnel diode. Tunnel diodes have larger reverse than forward
conductivity and their curvature of the characteristic curve can be larger than with usual diodes, so they can
be HF small signal rectifiers. If the tunnel current is significant for small reverse bias, the device is a Zener
diode. As second consequence with lesser dopant concentration there will be a threshold for the electrical
field where electrons inside the barrier layer will be accelerated sufficiently that they can by collision excite
more electrons into conduction band.
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Theory (9/12) PHYWE

This would be an avalanche breakdown. If the dopant concentration is still high enough that the avalanches
don't get destructively large, then the device will also work the same way as a Zener diode. Because most
times avalance and Zener currents are both present, devices are called Z-diodes.

Z-diodes can be used as overvoltage protectors or as voltage regulators as they can branch away current if
the voltage is exceeding the rated Z-voltage. For this purpose they are connected in reverse mode.

While tunnel current will increase with rising temperature as the number of participating carriers increases -
the temperature coefficient of the Zener voltage is negative but not very dependent on Zener voltage value-,
avalanche current will decrease with rising temperature as more carriers will get scattered inside the barrier
layer before they can create avalances - the Z-voltage temperature coefficient is positive, the more, the
thicker the barrier layer is that is the higher the Z-voltage is rated. If temperature coefficients of avalanche
and Zener current cancel, the devices can be voltage reference diodes.

Theory (10/12) PHYWE

heavily heavily
In case of direct semiconductors - not silicon - the p-doped n-doped p-doped n-doped
charge carriers of forward current at recombination anode cathode anode cathode
can emit their energy difference not only thermally
but also as photon - useful for LEDs.
+ for forward current Z-diode

The other way around photons can be absorbed
inside the semiconductor and excite electrons into / /
conduction band. With presence of a barrier layer the / /
semiconductor can thus work as photodetector or
photovoltaic element.

light emitting diode (LED) photo diode

Fig. 5: Diode electronic symbols

8/15

PH‘IWE Robert-Bosch-Breite 10 Tel.: 0551 604 - 0 inffo@phywe.de
37079 Géttingen Fax: 0551 604 - 107 www.phywe.de


https://www.curriculab.de/
https://www.phywe.de/

P2410967

Theory (11/12)
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A transistor that is formed by two opposite p-n
junctions, a pnp or a npn device, is called a bipolar
junction transistor. Such a device will block current in
either direction - one of the barrier layers will always
be reverse biassed -, unless carriers are injected in
the middle region destroying one of the depletion
zones or barrier layers which makes the device
permeable to current. So the middle region is
electrically contacted and this contact is called base.

To make such a device a good amplifier, the other
regions are asymmetrically doped and also of
asymmetrical geometry and thus making one contact
the emitter and the other the collector.

Theory (12/12)

E.g. with a npn transistor like the BC337 there is only
current gain, if the emitter is connected to the
negative terminal, the collector to the positive
terminal and the base is made a little positive
injecting holes into the barrier layer between base
and collector and thus weakening it.

Fig. 7 shows the designators usually chosen in data
sheets referring to bipolar junction transistor (BJT).
The voltage designators Uxy denominate the
difference: potential at X minus potential at Y. So in
datasheets for pnp transistors the entries often read
Ugc and then contain positive values.
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npn-transistor n-doped

collector

p-doped
base

n-doped
emitter
operates for

collector positive with respect
to emitter

conducts for

base positive with respect

to emitter

PHYWE

pnp-transistor p-doped

collector

n-doped
base

p-doped
emitter
operates for

collector negative with respect
to emitter

conducts for

base negative with respect

to emitter

Fig. 6: Bipolar junction transistor electric circuit

symbol and function

npn-transistor

base
current
Ip
—
base-
emitter
voltage
UBE

Fig. 7: BJT definitions
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Equipment

Position Material Item No. Quantity
Cobra SMARTsense Energy - Sensor for measuring electrical current and voltage

1 +30V / + 1A (Bluetooth + USB) 12919-00 1
2 USB charger for Cobra SMARTsense and Cobra4 07938-99 1
3 PHYWE Power supply, 230 V, DC: 0...12V,2A/AC: 6V, 12V, 5A 13506-93 1
4 measureLAB, multi-user license 14580-61 1
5 Plug-in board, for 4 mm plugs 06033-00 1
6 brigde plug 06027-07 4
7 Commutator switch 06006-00 1
8 Potentiometer 1 kOhm, 0.4W, G2 39103-04 2
9 Resistor 470 Ohm, 1W, G1 39104-15 1
10 Resistor 1 kOhm, 1W, G1 39104-19 1
11 Resistor 100 Ohm, 1W, G1 39104-63 1
12 Resistor 22 kOHM, 1W, G1 39104-34 1
13 Semiconductor diode Ge, AA118, case G1 39106-01 1
14 Semiconductor diode Si, 1 N 4007, case G1 39106-02 1
15 Semiconductor diode Si, 1 N 4148, case G1 39106-03 1
16 Low power zener diode ZF 4,7, G1 39132-01 1
17 Light emitting diode, red, case G1 39154-50 1
18 Transistor BC337, base left, G3 39127-20 1
19 Connecting cord, 32 A, 500 mm, red 07361-01 4
20 Connecting cord, 32 A, 500 mm, blue 07361-04 4
21 Connecting cord, 32 A, 500 mm, yellow 07361-02 2
22 Connecting cord, 32 A, 500 mm, black 07361-05 2
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Setup and Procedure

Setup (1/3) PHYWE

The Cobra SMARTsense Energy sensor and measurelLab are required to carry out the experiment.

' Energy l
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Setup (2/3) PHYWE

Characteristic curves of diodes

o Connect the power supply to the cross-over switch. The
cross-over switch feeds a 1 kQ2 potentiometer that then
provides on its slider connector a range of -5..5 V if
unloaded. Next a 470 (2 resistor limits the maximum
current to 10.6 mA maximum which can't destroy any of
the diodes. If the diode can pass 10.6 mA at a given
voltage, the voltage range on the diode will end there
because the rest of the voltage will drop across the 470
Q resistor and the potentiometer resistance.

o Connect the Cobra SMARTsense Energy sensor as it is Fig. 8: Circuit for supplying diode
shown in the picture, to determine current I and voltage voltage and limiting diode current
U.
Setup (3/3) PHYWE

Set the following settings: Click on the upper left corner of the window the Cobra SMARtsense Energy Icon,
click the "Lock" icon if it is open, wait for the red line to turn green, select "Current CH1 I1", select "Digital
display", drag "Voltage CH3 U1" into that display. Select "Current CH1 I1", select "Diagram", drag "Voltage
CH3 U1"into that diagram, in the diagram click the "diagram" icon, in the drop-dowm menu "X:" select
"Voltage CH3" as x-axis. Now the diagram is ready to display characteristic curves current over voltage.

Now open the settings menue using the gearwheel icon. In "Sensors/Channels" select for CH1: 10 mA,
averaging over 50 -100 values; CH3: 10 V, averaging over 50 -100 values. For each Channel select an
appropriate number of digits in "Decimal places" and confirm all settings with the "Appply" button in order
to transfer settings to the Energy sensor.

In "Measurements" select 100 Hz.
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Procedure (1/3) PHYWE

Procedure: characteristic curves of diodes

Set the control on the potentiometer such that the voltage
on the circuit is maximum, that is the potentiometer slider
is all the way to the red terminal. Start data recording with
the "Start" button in the lower left corner of the
measureLAB window. Slowly turn the control so the slider
moves towards the blue terminal to the end, then switch
the cross-over switch, slowly turn the control all the way
back and stop the measurement.

Exchange the diode with the next type and repeat that

procedure with all five types of diodes. You should recieve o le for diode ch L
a set of characteristic curves that should look like this: Fig. 3: Example for Ift & characteristics
results

Procedure (2/3) PHYWE

a

[ — )

Fig. 9 shows: Red: Z-diode 4.7, green: Ge-diode AA118, black: ~
Si small signal diode 1N4148, orange: Si rectifier diode |

1N4007.
Shockley ideal diode equation

Remeasure the positive branch of the characteristic curves
for a LED, Si- and GE-diode. In the diagram window click the
diagram icon and set "Y:" to "Log" so you have a logarithmic
plot of the current over voltage. If the current would rise
exponentially with the voltage, this diagram then would
show a linear rise. The result might look like Fig. 10.

08 0
Voltage CH3 U1 [v]

Fig. 10: Logarithmic plot of diode current
over diode voltage
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Procedure (3/3)

PHYWE

From left to right Fig. 10 shows the logarithmic curves of the Ge-diode, of Si-diodes 1TN4007 and 1N4148, and

the red LED.

The linear section (where current rises exponentially) for Ge is small, for the Si diodes exceeds the
measuring range, and for the LED is relatively small again.

For small diode voltages here current signal noise dominates. With sensitive measuring gear the reverse
saturation current could be measured. For large currents the ohmic resistance starts to play a role. In the
intermediate range the diffusion current dominates and the Shockley diode equation predicting exponential
behaviour applies. With some diodes, before ohmic resistance sets in, there can be a deviation from
Shockley law when the current exceeds the diffusion current assumed in this law.

The ohmic resistance of the Ge diode is relatively large, followed by the LED.

Evaluation

°PHYWE
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Results PHYWE

The measured characteristic curves show that for the measured diodes the current is only on for one
polarity of the voltage except for the Z-diode, which can also conduct in reverse direction - but for a larger
threshold than in forward direction.

Also it shows that forward voltage depends on the semiconductor material.

Germanium forward voltage is lower than silicon forward voltage. The red LED (GaAsP) has the highest
forward voltage.

The logarithmic plot proves that there is a range where the diodes behave according to Shockley ideal diode
equation.

The Ge and GaAsP diodes show larger deviations from Shockley ideal diode behaviour, Zener current and
avalanch current are not taken into account for the ideal diode equation.
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