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7. Wykonanie ćwiczenia 

Ćwiczenie wykonuje się w układzie sterowanym komputerem zgodnie z wytycznymi 
prowadzącego. 

1. Włączyć elementy układu pomiarowego. 
2. Uruchomić program Ćw7. W zakładce Parametry ustawić zakres długości fal, krok zmian 
długości fali oraz nazwę pliku wynikowego. Naciśnięcie START w zakładce Pomiary 
uruchomi pomiar. Wykonać pomiar transmisji światła przez warstwy CdS oraz GaP w 
zakresie długości fal 480nm – 580nm z krokiem ∆λ = 2 nm. Grubości badanych warstw 
wynoszą odpowiednio dCdS = 500µm oraz dGaP = 400 µm. 
3. W tym samym zakresie długości fal i z tym samym krokiem wykonać pomiar natężenia 
światła bez włożonej warstwy półprzewodnikowej. 
4. Na podstawie otrzymanych wyników wyznaczyć w programie Origin zależność 
współczynnika absorpcji od długości fali światła dla badanych dwóch warstw. 
5. Sporządzić wykresy α2(hν), α1/2(hν) oraz ln(α)(hν). 
6. Wpływ odbicia na otrzymane widma uwzględnić zgodnie z wytycznymi prowadzącego. W 
najprostszym przypadku należy pominąć wpływ odbicia. Utrudni to identyfikację rodzaju 
przejść międzypasmowych. Nie wpłynie jednak na otrzymane wartości przerw 
energetycznych. 
7. Badając liniowość sporządzonych wykresów, określić rodzaje przejść międzypasmowych 
w badanych warstwach. 
8. Oszacować wartość przerwy energetycznej dla badanych materiałów, ekstrapolując liniowe 
części wykresów do zera. 
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Exercise no 7 

ABSORPION IN SEMICONDUCTORS 

  

1. Goal of the exercise 

 One of the basic methods for testing the band structure of solids is to measure the 
absorption spectrum of light. It allows to specify the type of optical transitions occurring in 
the material and determine the type and value of the energy gap . The purpose of this exercise 
is to determine the value of the energy gap and to determine the type of absorption edge in the 
selected semiconductor thin films. 
 

2. Basic of solid-state band theory 

 Electrons in the isolated atoms occupy discrete energy levels. When the atoms 

come closer to each other, they start to “feel presence” of other atoms. In the language of 

quantum mechanics we say that the wave functions, starting with the outermost wave 

functions of electrons begin to overlap The Pauli Principle requires that each of electrons in a 

the system exists in a different quantum state. This results in cleavage of discrete energy 

levels. If the crystal lattice contains N atoms, which the wave functions overlap, each level of 

the isolated atom split to N levels. In this way energy levels form energy bands. A band is 

composed of very close to each other (on a scale of energy) levels. Typical band has a width 

of several electronvolts. As the number of N atoms in the crystals is in the order of 10
23

 cm
-3

 

the number of levels in the band is huge and the differences in their energies are very small. 

Bands are separated by gaps, and the size and width of the bands depends on the distance 

between atoms in the crystal. 

 
Fig. 1. Energy bands created from single energy levels in isolated atoms. R0 is the equilibrium 
distance in a crystal. 
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The idea of the formation of energy bands is shown in Figure 1. For large atomic distances, 

(large r) levels practically do not split up. With the approach of discrete atoms, their energy 

levels split in the energy bands. 

The band, which is fully occupied by the electrons, is called the valence band. The band, 

which is empty (at 0 K) is called the conduction band. These bands are separated by energy 

gap Eg. The energy gap is equal to the energy difference between the lowest energy level in 

the conduction band (bottom of the conduction band) and the highest energy level in the 

valence band (the top of the valence band). Diagram of electron bands in insulators, 

semiconductors and metals is shown in Figure 2. Metals are materials that do not have 

energy gap. There are so many available states for electrons and electrons to fill them need 

only a minimum of energy. Metals conduct electricity very well, because electrons have a lot 

of kinetic energies available and thus move freely in the material. Insulators have a large 

band gap (of the order of at least 10 eV). This means the electron must absorb a lot of 

energy to move from the valence band to conduction band. Thermal energy of electrons 

(ET=kBT) at room temperature is approximately 26 meV which means that overcoming the 

energy gap due to thermal excitation is practically impossible and insulators do not conduct 

electricity. Semiconductors differ from insulators by the value of the energy gap, which in 

this case is significantly smaller (in the order of 1-3 eV). 

 

 
Fig. 2. Conduction band, valence band and Eg - energy gap (bandgap) in insulators, 
semiconductors and metals. 
 

3. Absorption of light 

 The creation of electron–hole pairs via the absorption of sunlight is fundamental to the 
operation of solar cells. The excitation of an electron directly from the valence band (which 
leaves a hole behind) to the conduction band is called fundamental absorption. Both the total 
energy and momentum of all particles involved in the absorption process must be conserved. 
Since the photon momentum, pλ = h/λ, is very small compared to the range of the crystal 
momentum, the photon absorption process must, for practical purposes, conserve the 
momentum of the electron. The absorption coefficient for a given photon energy is 
proportional to the probability (P12) of the transition of an electron from the initial state E1 to 
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the final state E2, the density of electrons in the initial state (gV(E1)) and the density of 
available final states. Then it is summed over all possible transitions between states where E2 
− E1 = hν. 

�����~��	
���
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� (1) 

It is assumed  that all the valence-band states are full and all the conduction-band states are 
empty. Absorption results in creation of an electron-hole pair since a free electron is excited 
to the conduction band leaving a free hole in the valence band.  

 
Fig. 3. Photon absorption in a direct band gap semiconductor for an incident photon with 
energy hν = E2 − E1 > EG 
 
 In direct band gap semiconductors, such as GaAs, GaInP, CdTe, and Cu(In,Ga)Se2, the 
basic photon absorption process is illustrated in Figure 3.6. Both energy and momentum must 
be conserved in the transition. Every initial electron state with energy E1 and crystal 
momentum p1 in the valence band is associated with a final state in the conduction band at 
energy E2 and crystal momentum p2. Since the electron momentum is conserved, the crystal 
momentum of the final state is the same as the initial state, p1 ≈ p2 = p. Conservation of 
energy dictates that the energy of the absorbed photon is: �� � 

 � 
	 (2) 

The electron energy is described in classical mechanism formalism as the kinetic energy of a 
particle with mass m*. (mass which takes into account constant force from the periodic 
configuration of atoms in the crystal). According to the Figure 3, taking EV as the maximum 
of valence band and the EC as the minimum of conduction band one can write: 


� � 
	 � �

2��∗

 (3) 

and 



 � 
� � �

2��∗  (4) 

where mh and me are effective masses of hole in the valence band and of electron in the 
conduction band respectively. Combining equations (2), (3) and (4): 

�� � 
� � �

2 � 1

��∗ �
1
��∗

� (5) 
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and the absorption coefficient for direct transitions (so called allowed direct transitions) can 
be described as: 

����� � � ∗ ��� � 
��	/
 (6) 

where A is a positive constant. In some semiconductors, the quantum selection rules forbid 
transitions at p=0. The absorption takes place for p≠0 (so called forbidden direct transitions) 
and the absorption coefficient has the following form: 

����� � !
�� ∗ ��� � 
��"/
 (7) 

where B is positive constant.  
 In indirect band gap semiconductors like Si and Ge, where the valence-band maximum 
occurs at a different crystal momentum, the conduction-band minimum, conservation of 
electron momentum necessitates that the photon absorption process involve an additional 
particle. Phonons, the particle representation of lattice vibrations in the semiconductor, are 
suited to this process because they are low-energy particles with relatively high momentum. 
This is illustrated in Figure 4. Notice that light absorption is facilitated by either phonon 
absorption or phonon emission. The absorption coefficient, when there is phonon absorption, 
is given by: 

�#���� � ���� � 
� $ 
%��

&'() *+⁄ � 1  (8) 

when the photon is absorbed and 

������ � ���� � 
� � 
%��

1 � &-'() *+⁄  (9) 

when the photon is emitted. Because both processes are possible and the total absorption 
coefficient is given by the sum of (8) and (9): ����� � �#���� $ ������ (10) 

 
Fig. 4. Photon absorption in an indirect band gap semiconductor for a photon with energy 
hν<E2−E1 and a photon with energy hν>E2−E1. Energy and momentum in each case are 
conserved by the absorption and emission of a phonon, respectively. 

 In view of the fact that both the photon and the phonon are required for the 

absorption in the indirect bandgap material this process is less likely than in the case of 

direct bandgap materials. It results in lower absorption coefficient and necessitates the use 
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of thick semiconductor layers in order to obtain a sufficiently large absorption. This is 

important In case of the solar cells and photodetectors. The third kind of optical transitions 

in semiconductors is the absorption between energy band tails. Because of the existence of 

the impurities or defects in the crystal structure of a semiconductor, the densities of states 

gV and gC (see Equation 1) can be approximated by an exponential function. Then the 

absorption coefficient is given by: 

������ ∝ &/� 0��
12 (11) 

where EU is so called Urbach energy, which characterizes the width of band tails. In such a 
situation logarithm of absorption coefficient is a linear function of photon energy. 
 

4. Absorption measurements 

 The absorption coefficient of light passing through a semiconductor layer of thickness 
d is defined as: 

� � �1
3
43
4/ (12) 

where α is the absorption coefficient, I – intensity of light on semiconductor layer of 
thickness dx. When light pass through the layer of thickness dx its intensity decreases by dI. 
This leads to exponential decrease of light intensity according to:  3 � 35&-67 (13) 

where I0 is the intensity of incident light on semiconductor layer. The absorption coefficient 
can be calculated from transmission measurements made for different energies of light. The 
transmission is defined as the ratio of transmitted light intensity to the intensity of incident 
light according to: 

8 � 3
35 (14) 

Then the logarithm of equation (13) allows direct calculation of absorption coefficient.  

Light passing through the semiconductor thin film undergoes multiple reflections at the layer 

boundaries (see Figure 5). If the thickness of the sample is d and its the reflectivity R, into 

the material penetrates (1-R)*I0 of incident radiation. The rear wall of the layer is reached by 

(1-R)*I0exp(-αd) of light. After reflection from the back surface the  

(1-R)*(1-R)*I0exp(-αd) amount of light escapes the layer through front surface. The further 

reflections are shown in Figure 5. Adding up all the intensities of light passing through the 

sample we obtain: 

8 � 3
35 � �1 � 9�
&-6:

1 � 9
&-
6:  (15) 

For large values of the product αd as well as for materials that absorb much more light than 

reflect, the denominator can by approximated by one leading to: 

8 � �1 � 9�
&-6: (16) 

To calculate the absorption coefficient knowledge of the tested layer thickness d and the 
dependence of the reflectance R of the energy of the incident light is sufficient. In the case 
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where such a relationship is not known it can be approximated that the reflectance changes 
negligibly and approximate it by constant value. It is generally true for photon energies close 
to the band gap energy of the tested material. The reflectance can also be determined based on 
the refractive index n as: 

9 � �1 � ;�

�1 $ ;�
 (17) 

 

 

Fig. 5. Light transmission through the semiconductor thin film in case of multiple internal 
reflections. 

 

5. Control questions 

1. Explain the mechanism of energy bands creation. What is the conduction band, valence 
band and energy bandgap? 
2. Explain the energy band structure of metals and semiconductors.  
3. What is a direct band transition? 
4. What is an indirect band transition? 
5. How an absorption coefficient is measured? 
6. Discuss the influence of reflection on the absorption spectra. 
 

6. Literature 

C. Kittel, Introduction to Solid State Physics, 
H. Ibach, H. Lüth, Solid State Physics, 
Hyperhysics website: hyperphysics.phy-astr.gsu.edu 
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7. Experimental procedure 

The exercise is performed in a setup controlled by computer software according to the 
instructions given by the tutor. 

1. Turn on the setup elements. 
2. Start Ćw7 software. In a Parametry tab choose the range of wavelengths, the step o 
wavelength change and the filename. Pressing START button in a Pomiary tab will start the 
measurement. Make measurements of light transmission for CdS and GaP thin films. Choose 
the 480 nm – 580 nm wavelength range and ∆λ=2nm step. Thickness of the thin films are dCdS 

= 500µm and dGaP = 400 µm. 
3. Make measurement of light transmission without a thin film for the same parameters as 
previous ones. 
4. Using Origin software calculate the absorption coefficient as function of wavelength and 

energy. Make α(λ) and α(hν) plots. 

5. Plot α2(hν), α1/2(hν) and ln(α)(hν). 
6. Discuss the influence of reflection on the absorbed spectra with the tutor. If tutor will not 
give different instruction, do not include reflection in your calculations.  
7. Based on the plots made in (5) determine the kind of bad transitions in investigated thin 
films. 
8. Determine the energy bandgap value for the investigated thin films by linear extrapolation 
of appropriate plots to 0. 

 


