FKO9 Electrical conductivity

of metals, semiconductors, and superconductors

Basic knowledge:

Boltzmann and Fermi-Dirac-statistics, band structure for metals, undoped and doped semicon-
ductors, basic models of temperature dependence of electrical resistivity in metals and semi-
conductors, type 1 superconductors, thermocouple, four-point-measurements, electrometer.
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1. Electrical conductivity

1.1 Metals

Starting with a free electron gas and using the Drude model, we obtain the following expression
for the electrical conductivity:

o= * (1)

where 7 denotes the relaxation time (the average time between two collisions), n the charge
carrier density, and m* the effective electron mass. Because of the Fermi distribution, the charge
carrier density is nearly independent of temperature. The only temperature dependence is intro-
duced by the relaxation time z. There are two main sources of scattering (s. Fig. 1):

1) Impurities: Electrons interact with vacancies or impurities, which means that the cor-
responding resistivity is independent of temperature. At low temperatures, this effect
gives rise to a residual resistivity psr.

2) Phonons: At higher temperatures, more and more phonons (oscillations of the crystal
lattice) are thermally excited. These phonons interact with the conduction electrons.
Two temperature regimes are important:

T<< @p: pph oc T° (small angle scattering)
and
T>>0p: pph oc T,

where Op denotes the Debye frequency.

According to the Matthiesen rule, the resistivities introduced by impurities and phonons add up
to a total resistivity
p = psT + peh. )

Some metals show superconductivity at low temperatures. Below a critical temperature Tc , the
resistivity vanishes. Typical values of T¢ are:

Ta: 4,48 K
Pb: 7,20 K
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Abb. 1:
Temperature dependence of the elec-
> trical resistivity p of a metal.

Temperatur

1.2 Semiconductors

In semiconductors, electrons and holes are contributing to the current. Additionally, charge car-
riers are formed by thermal activation. Their concentration is temperature dependent, in con-
trary to the case of metals. According to

c=new, +peny, 3

the temperature dependence of the conductivity o can be expressed as a function of the mobil-
ities un und g of electrons and holes, respectively, and the charge carrier concentration, n for
electrons and p for holes.
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d g Fig. 2:
Schematic sketch of electronic bands of an n-
E 4 doped semiconductor. E. and Ev denote the
v edges of the conduction band and the valence
band, respectively, Eq the band gap, | the chem-
ical potential, and E4 the donor level.
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1.2.1 Temperature dependence of charge carrier concentration

Regarding an n-doped semiconductor, one can distinguish three regimes:

1. Freeze out (Ed » keT):
The thermal energy is not sufficient to ionize all donors, but some are ionized, meaning
their electrons are excited from their donor levels Eq into the conduction band:
7Ed
noce?kT (4a)

2. Extrinsic (Eq « keT « Eg):
All donors are ionized, but the thermal energy is not sufficient to excite electrons across
the intrinsic band gap:

n = const. (4b)

3. Intrinsic (Eg « keT):
The thermal energy is sufficient to excite electrons across the band gap and to produce
intrinsic charge carriers. At the same time, the importance of the charge carriers excited
from donor levels becomes very small:
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1.2.2 Temperature dependence of the mobility

Following u(T) = €7 for electrons, one can distinguish two temperature regimes:
m

1) Tsmall:  scattering with ionized impurities

N w

T (5a)
2) T large:  scattering with phonons

3

M o< T 2 (5b)
» geladene
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Fig. 4:
Temperature dependence of the mobility of a semicon-
. ductor.
In T

1.2.3 Temperature dependence of the electrical conductivity

Now we combine the relations from 1.2.1 and Error! Reference source not found.: Since the

mobility depends on temperature just following a power law, it has significant influence on the
conductivity o only in the extrinsic regime.
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Abb. 5:
»  Temperature dependence of the conductivity of a doped

T semiconductor.
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2. Four-Point-Measurements

1 A 1 A
" \%
U, U,
Fig. 6a: Four-point-measurement (schematic). Fig. 6b: Corresponding circuit diagram of resistors.

If the resistance of contacts and wiring are in the same order of magnitude as the sample re-
sistance, a two terminal measurement will produce large errors. A significant improvement is
the four-point-measurement, as sketched above.

Following Kirchhoff’s circuit laws, we can write:

U = (I - lv1)Rprobe , (6a)
U=(Rki+Rk2+Ri)lv1, (6b)
Ui =Ry Iv1 (voltage measured by the voltmeter), (6¢c)

where R, denotes the internal resistance of the voltmeter (e.g., Ri ~ 10 MQ for digital hand-held
voltmeter). Comparing (6a) and (6b) gives

IR robe
vi— e : (7)
(RK1+RK2 + R| + RProbe)

Substitution of (7) in (6c) yields

Ul = RProbe I (1_ OL) (8)
With
-1
R, +R,,+R [ R 1
o= K1 K2 Probe _ L1+ | J <<1.
RK1+RK2+RPr0be+RI RK1+RK2+RProbe
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Conclusion:

As long as the internal resistance of the voltmeter is large compared to the sample and contact
resistances (i.e., almost always), in a very good approximation:

U1 = | Rprobe -

9)

That means, only the voltage across the sample is being measured. For comparison: using a
two-terminal measurement, one would have obtained:

Uz = I(Rk3 + Rka4 + Rprobe) ,

resulting in a voltage drop dominated by the contact resistances.

3. Experimental set-up

X4

He

flissige Luft

4,2

»
ca. 295 T(K)

(10)

Fig. 7: Experimental set-
up.

In a vessel containing liquid helium, a temperature gradient develops. Dependent on the dis-
tance x from the He surface, a temperature T(X) is reached. The exact temperature distribution
depends on the amount of He and the shape and insulation of the vessel.
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Probenhalter

Fig. 8:

Elektrometer Electrical set-up.

The samples (Cu, Ta und Si) are mounted on a sample holder made out of copper, which is
screwed to a rod (Tauchrohr) and covered by a cylindrical shield (Schutzrohr) (Fig. 9).

<«—Tauchrohr

ca. 120 cm

o
ii‘ Probenhalter

Si
Ta
Cu

I <«=Schutzrohr

Fig. 9: Sample holder.

3.1 Electrical set-up

The temperature is measured with a platinum re-
sistor at high temperatures and a carbon resistor at
low temperatures. The calibration of the resistor
must be performed before the analysis of the data.
The resistance varies a little with time due to the
thermal stress. Therefore, it is advisable to meas-
ure the resistance multiple times at the reference
points. The electrical resistance of the Si sample
will be measured with a resistance bridge or, at
low temperatures, directly with an electrometer.
The coils of Cu and Ta are connected in series, and
a constant current of | = 20 mA is driven through
both of them simultaneously. The current value
can be adjusted by means of a potentiometer R.
The changes of the Cu and Ta -resistances are neg-
ligible  compared to R (R =500 Q;
Rcu + Rta < 5 Q for the temperature range covered
by the experiment). The voltages Ucy and U, are
proportional to the resistances Rcy und Rta which
are to be determined.
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4. Experimental procedure

The experiment is divided in to two sessions, carried out at different temperatures:
1. 42Kto 775K
2. 77.5 K to room temperature (RT).

1. Using the helium vessel:
Before inserting it into the helium vessel, the sample rod has to be at room tempera-
ture. Otherwise, it could freeze to the opening of the vessel and block the exhaust pipe.
The sample rod must be inserted very slowly since the insulation could be damaged due
to large thermal stress. The sample holder has to be inserted into the helium by the
supervisor. After that, the sample current should be adjusted to | = 20 mA. The sample
rod is then slowly inserted into the vessel, the temperature equilibrium is waited for and
datapoints are recorded.

2. Similarto 1.
Differences: Instead of using liquid helium, liquid nitrogen is used.

3. Atroom temperature, liquid nitrogen (77,5 K) and liquid helium (4,2 K) reference meas-
urements of the platinum Rpt and carbon resistor Rc are performed to calibrate the resis-
tors for the temperature measurements. The room temperature is measured with a ther-
mometer. To determine the temperature dependence of the platinum and carbon resis-
tors a fit has to be performed during the evaluation. The platinum resistor follows a
linear dependency and the datapoints Rpt775x and Retrr are used. The carbon resistor
follows an exponential dependency and all three reference measurements are needed.
The function has the from:

b
R (T)=a-eT+c

4.1 Assignment

The electrical resistance of Cu, Ta and Si has to be measured in dependence of temperature (4.2
to 295 K).

5. Evaluation

For Cu, Ta and Si, two diagrams each should be produced:

a) R(T) and In(R) over In(T), only in the non-linear regime for Cu and Ta.
b) In(%) over In (%) and In(%) over In (T) in the extrinsic regime (Erschopfung) for Si.

The following numbers have to be determined:

c) the linear coefficient of resistance of Cu and Ta, following R(T) =Ro (1+ a T) where T in °C
and R in © have to be used and Ro = R(T =0°C) .
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d) for the non-linear regime the exponent A following R o T# (do not forget the residual re-
sistance!).

e) the critical temperature Tc of Ta.
f) for the extrinsic regime (Erschopfung) in Si the mobility 4(T) following % ocoocpu(T)oc TV

g) the activation energy of the acceptors, following:

(E,-Ey)
o(T)c p(T) ce ***T | where p(T) denotes the hole concentration. Neglect the tem-
perature dependence of the mobility.

Questions and problems for self-monitoring

1. What determines the electrical resistance:
a) at room temperature?
b) at liquid helium temperature?

2. What does Matthiesen’s rule say?

3. Using a simple model, explain why in normal metals the resistance is proportional to the
temperature.

4. What determines the electrical conductivity of a semiconductor?

5. Sketch the charge carrier concentration of a p- or n-doped semiconductor as a function of
temperature.

6. Draw the temperature dependence of the conductivity of a semiconductor.

7. Explain the temperature dependence of the conductivity of a semiconductor, using the en-
ergy-band model.

8. Explain the phenomenon superconductivity.
9. What is the use of the four-point-measurement technique?
10. Why is it used for the determination of the resistance of the Cu and Ta samples?

11. Is thermoelectric voltage also compensated by four-point-measurements?
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