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1  INTRODUCTION 
It has been shown that educational approaches integrating experimental 
observations with computer-based teaching and multimedia tools can promote a 
productive learning environment and overcome students’ mathematical difficulties 
[1]. Such kinds of difficulties are present in teaching modern physics, where 
quantum aspects are commonly faced by taking into account their mathematical 
representation. Moreover, the connection between macroscopic behaviours and 
microscopic models is a relevant learning problem in teaching subjects like solid 
state physics. 
 We here present a pedagogical approach based on some procedures aimed at 
relating measurements of electric properties of semiconductors with “virtual 
experiments” built by using a simulated model. Experiments measuring resistance 
as a function of temperature in semi conducting samples are described. Further, 
microscopic models of semiconductors are built by using Net Logo 
(http://ccl.northwestern.edu/netlogo/), a multi-agents simulation environment 
for modelling complex systems and making possible to explore the connection 
between micro-level behaviours and macro-level patterns that emerge from micro-
level interactions. We show that a meaningful understanding of semiconductor 
behaviours can be achieved by substituting the traditional statistical approach 
(requiring a deep mathematical background) with microscopic models, based on 
Monte Carlo method [2], in which simple rules among microscopic agents 
determine the macroscopic properties. Moreover, the inclusion in the model of 
some important quantum features show that the semiconductor electrical 
properties cannot be obtained from single electron interactions (as in metals) but 
they emerge from the system as a whole.  Virtual experiments are built by using 
different models where the physical concepts are presented at different 
formalization levels. We believe that this approach can bring improvements in 
learning, at undergraduate preliminary physics courses, as well as in graduate 
courses for physics teacher education, as reported elsewhere [3]. 

2  EXPERIMENTAL RESULTS 
Resistivity vs. temperature measurements have been performed in the context of 
an education project concerning electric conduction properties of solid conductors, 
semiconductors and superconductors [2, 3, 4]. An electronic board, allowing taking 
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data of electric current and voltage as a function of the sample temperature, has 
been used. The board details are described elsewhere [4]. Here we report only the 
data taken in a light-doped semiconductor (metal oxide). 
 The values of resistance at low temperature values are taken by suspending 
the sample in a thermally insulated container and letting it cool under the action of 
liquid nitrogen vapours placed in the container. Current and voltage, as well as 
temperature data have been collected by using digital multimeters connected to the 
electronic board. 
 Fig. 1 shows the apparatus and Fig. 2 reports data obtained by measuring the 
resistance R of the sample as a function of temperature, in the T range 220-350 K. 
 

Figure 1  The experimental apparatus. 

 

 
Figure 2  Resistance values as a function of 
temperature. 

Through a fitting procedure, an exponential relation between the semiconductor 
resistance R and 1/T  can be made evident. Moreover, experimental data allow us 
to estimate a relevant parameter of semiconductors, namely the energy gap value, 
ΔE, 
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E
eR
Δ

∝  , 
where k is the Boltzmann constant. From our data we obtain ΔE = 0.221 ± 0.001 eV, 
that is a reasonable value for a light-doped semiconductor. 

3  MODELLING 
In order to explain the transport properties in semiconductors it is necessary to 
model the variation of charge carrier concentration as well as of carrier mobility as 
a function of temperature [3]. Here we briefly describe two models of intrinsic 
semiconductors: the first one aimed at modelling the band structure and its 
internal dynamics; the second one aimed at modelling the transport properties like 
the mobility. 

3.1  Modelling the band structure of semiconductors 
The simplest model that can explain the behaviour of semiconductor carriers as a 
function of temperature compresses all the levels of valence and conduction bands 
into two well-defined energy levels, E1 and E2 , characterized by the population 
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numbers N1 and N2 (which represent the electron number for volume unit 
occupying the valence and the conduction bands), respectively. This two-level 
model uses the Einstein’s algorithm: the electron-hole pair generation is referred to 
the carrier/black-body radiation interaction, characterized by the spectral density 
W(ν21) [5] where hν21 = E2 − E1 . As a consequence, generation and recombination 
of electron-hole pairs is obtained through absorption and emission (spontaneous 
and stimulated) of a photon by an electron. The probabilities associated with these 
events are [3]: 
 )( 211 νWBNPabs =  , 
 [ ]AWBNPem += )( 212 ν  , 
where A and B are the Einstein coefficients. Therefore, the probabilities depend on 
the level populations and on the photon number present in the solid.  Figure 3 
shows a screenshot of the simulation implemented by using Net Logo. It allows us 
to visualise the evolution of level population, by setting arbitrary initial conditions 
and system temperature, by visualizing the progressive filling/emptying of the 
two levels and the graphic representation of the electron and hole populations vs. 
time. 
 

 
Figure 3  Screenshot of the simulation showing the evolution of level population dynamics. 

Figure 4 shows the experimental intrinsic carrier concentration vs. reciprocal of 
temperature for three semi-conducting materials (Si, Ge, GaAs), as can be found in 
literature [5]. 
 The results obtained with the simulation have been reported in Figure 5 for 
the same semiconductors. The graphs show that the temperature dependence of 
the carrier concentration ni(T) is dominated by an exponential dependence 

 TeTni
β−∝)(  . 

The trends of simulated data are exponential, as the experimental data, but the 
slopes (parameter β) result to be about twice as big as the experimental ones, 
showing that the model is an oversimplified one. 
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Figure 4  Experimental data of carrier 
concentration [5] for three semi-
conducting materials (Si, Ge, GaAs). 

 
Figure 5  Simulation results of the intrinsic 
carrier concentration vs 1/T  in Ge (squares 
■), Si (circles ●) and GaAs (triangles ▲). 

An improvement of the previous model can be obtained by considering the two 
bands as composed by a system of sublevels: every sublevel in each band is 
characterized by an energy value, a number of electrons and a number of holes. A 
sublevel is also typified by a number of available states. The transition probability 
depends on the number of electrons, holes and photons [6]. The model can be 
implemented at different levels, depending on the choice of the modeller: one can 
set some parameters, as the total number of electrons and the effective masses of 
the carriers, in order to obtain quantitative agreements with parameters usually 
reported in literature, like, for example, the carrier intrinsic concentration at room 
temperature. 
 

 
Figure 6  Screenshot of the simulation implemented with the multi-level model. 

Figure 6 shows the effect of ‘flotation’ of holes, as well as the evolution towards the 
equilibrium of electrons and whole populations in the two bands. 
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Figure 7  Simulation results of the intrinsic carrier concentration vs 1/T  in Ge (squares ■), Si 

(circles ●) and GaAs (triangles ▲). 

 

Table 1  Simulation values of parameter β  compared with those reported in literature. 

 βth (K) βsim (K) 
Si 6497 7092 
Ge 3828 4249 
GaAs 8237 8632 

 
Figure 7 shows graphs of intrinsic carrier concentration vs. reciprocal of 
temperature in Ge, Si and GaAs. The β parameters obtained by the fitting of data 
are in agreement with theoretical parameters, βth, reported in literature (Table 1). 

3.2  Transport properties of semiconductors 
The motion of a carrier drifting in an intrinsic semiconductor due to an applied 
electric field, E, is analysed by taking into account collisions with lattice waves 
including the absorption or emission of either acoustical or optical phonons. We 
assume the free carrier model, in which: i) carriers with an energy close to a band 
minimum behave as free carriers with an effective mass  accounting for the effect of 
the periodic potential of the crystalline solid; ii) the mobility of the carriers 
depends on the mean free path. This is function of the carrier energy and it is 
strictly related to the scattering mechanisms; iii) carrier interacts with lattice 
vibrations that can be modelled as phonons. 
 This model allows to directly obtain the curve reported in Figs. 8a and 8b. The 
graph of resistivity vs. temperature (Fig. 8b) is built by using results obtained by 
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merging the Transport model with the Multi-level one. More details are reported 
in [3] and [6]. 
 

 
Figure 8  Mobility of electrons (●) and holes (○) vs. temperature (a) and Resistivity vs. 
temperature in Si (b). 

4  CONCLUSION 
Our models are based on a few fundamental rules of atomic interactions 
reproducing important properties of materials, as electric conductivity. In our 
simulations, the same underlying computational model appears in different 
contexts and gradual modifications of the model are outlined. This provides 
several pedagogical advantages: students gain familiarity with different 
representations and ways in which electrons behave and interact with 
nuclei/phonons; the model parameters can be set by the student, in the same way 
in which they interact and control the experimental parameters; the macroscopic 
properties of the model emerge from the details of the atomic-scale interactions. 
 The reported experimental activities and simulation tools have been 
experimented during the laboratory courses of the Italian Graduate School for 
Physics Teacher Education. A preliminary analysis of prospective teacher’s 
worksheets allows us to infer that laboratory activities, supported by modelling, 
can improve students’ learning about actions and interactions of individual objects 
resulting in emergent system properties and their capacity to analyze and to 
interpret experimental observations. 
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