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Abstract-The specificity of the statistical distribution of electrons, heavy and light holes in a plane-parallel metacinnabar film under 

conditions of a quantum size effect and in the presence of a transversal electrostatic field is considered in the effective mass 

approximation. Consideration was carried out for the case when only the first film subband of size quantization is filled.Explicit 

analytical expressions are obtained for the chemical potential and concentration, internal energy, and heat capacity of the electron-hole 

subsystem in the quantized filmin the absence and presence of an external field. The analysis of the dependence of the indicated 

statistical characteristics of the material on the quantizing thickness of the layer, the strength of the external fieldand temperature of the 

system is carried out. The corresponding numerical estimates are also given. 
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1. Introduction 
In recent decades, various semiconductor nanostructures based on metacinnabar (mercury sulfide β-HgS 

modification) have been studiedintensively[1-6].Currently, they have wide applications and are used in various 

electronic and optoelectronic devices with low energy consumption [7-8], in solar and photoelectrochemical batteries 

[3,9,10], as a promising material for the implementation of new quantum states in solids - excitonic insulators 

[3,11,12], in modern biomedicine [4,13-15], ecology [13-15], etc. 

Among the aforementioned semiconductor nanomaterials, a separate place is occupied by semiconductor 

structures with planar symmetry based on β-HgS quantum films.The size-quantized thin films of β-HgS [16, 17] are 

currently used, for example, in the creation of infrared detectors, photoconductors, elements of memory cells, for the 

creation of highly efficient thin-film solar cells [18-21] etc.In the case of planar symmetry (as in the cases of quantized 

films with axial [22] and spherical symmetry [1, 23]), size quantization of charge carriers in the β-HgS layer is often 

achieved by placing a layer of narrow-band β-HgS (band gap 0,5gE  eV [1, 24 -26]) between two layers of wide-gap 

semiconductor β-CdS(band gap 2,5gE  eV [1, 24-26]).The choice of cadmium sulfide as “plates” is primarily due to 

the similarity of the type of crystal lattices (both types of zinc blende) and very close values of the lattice constant (a) 

of the contacting materials [24–26]: 0,5818CdSa  nm, 0,5851HgSa  nm. 

As in any semiconductor, in β -HgS also a number of the most important physical properties are determined by 

the statistical distribution of charge carriers.On the other hand, it is known that dimensional quantization and external 

electrostatic field are powerful modulating factors that make it possible to control the physical characteristics of the 

sample. In this paper, we consider theoretically the effects of lateral external electrostatic field on the statistical 

distribution of charge carriers in the quantum layerβ -HgS of the planar β-CdS / β-HgS / β-CdS heterostructure. 

 

2. Influence of size quantization on the statistical distribution of charge carriers in the β-HgS 
quantum layer of a planar heterostructure β-CdS / β-HgS / β-CdS 

Table 1 shows the further necessary physical characteristics of bulk crystals of β-CdS and β-HgS. 
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Table 1. Some characteristics of bulk semiconductors β-CdS and β-HgS (Data taken from Refs. [22-27]). 

Material 

Electron 

eff.mass

0em m  

Lighthol

e eff. 

mass

0lhm m  

Heavy 

hole eff. 

mass

0hhm m

 

Electron 

affinity

cU (eV) 

Bandgap

gE (eV) 

Lightexcitonb

oundenergy
3D

e lhE 
(meV) 

Heavy exciton 

boundenergy
3D

e hhE 
(meV) 

Light exciton 

Bohr rad. 
3D

e lha 
(nm)

 

Heavy
exci

ton Bohr 

rad.
3D

e hha 

(nm) 

CdS 0.2 0.7 5 -3.8 2.5 27 32 3 2.5 

HgS 0.036 0.044 0..31 -5 0.5 0.81 1.32 50 30 

Here 0m is the free electron mass 

It is clear from the data presented that due to the large value of the energy offset ( ,c vU ) at the interface of contacting 

materials ( 1, 2cU  eV for c-band and 0,8vU  eV  for v-band, respectively), in the direction of growth of the 

heterostructure, we will have a heterojunction of the first kind. In this heterojunction, the HgS layer acts as a quantum well, 

and the CdS layers act as barriers. Because we are interested in the statistical distribution of the “pure” charge carriers; it is 

natural that their size quantization must be considered in the strong quantization regime, when exciton effects can be 

neglected in the quantized HgS layer.The Coulomb interaction in the direction of growth of the heterostructure can be 

neglected when the size quantization energy of carriers is greater than the energy of their Coulomb interaction, i.e., when 

the condition 

 
2

2 3D

exL a          (1) 

takes place. HereL is the thickness of the HgS layer, 
3D

exa - is the Bohr radius of 3D exciton in bulk β-HgS crystal. It is easy 

to conclude from Table 1 that for a layer thickness L=5 - 20nm, the condition (1) will be satisfied with sufficient 

accuracy.Accordingly, for the energies of size quantization of charge carriers ( , ,

conf

e lh hhE ) in the β-HgS layer, we will have: 

2

2
~ 42,39 2,65

2

conf

e

e

E
m L

  meV;
2

2
~ 34,68 2,17

2

conf

lh

lh

E
m L

  meV;
2

2
~ 4,93 0,31

2

conf

hh

hh

E
m L

  meV (2) 

Here is Planck constant. Comparing the values of the dimensional quantization energies (2) - (4) with the values of 

1, 2cU  eV, 0,8vU  eV, it is easy to verify that, in order to calculate the energy of the fundamental level of size 

quantization, which is of greatest physical interest, in the direction of structure growth (z), the β-HgS layer can be 

approximated with high accuracy by an infinitely deep rectangular potential well [28,29]. Accordingly, the energy 

spectrum  1( ); ( , ,0)i x yE p p p p p  of charge carriers for the ground level in the β-HgS quantized layer of the 

heterostructure under considered can be written in the following form [28, 29]: 

     
2 2 2 2

1

21
; , , ; ( , ,0)

2 2 2

conf

i i x y

i i i

p p
E p E i e lh hh p p p p

m m L m


          (3) 

For the manifestation of size quantization in β-HgS layer (when only the first subband is filled), the following 

conditions is imposed on the temperature and concentration ( e ) of the system [29]: 
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      (4) 

Here Bk is Bolzmann constant. For an intrinsic semiconductor, the fulfillment of this condition simultaneously implies 

that the number of electrons in the conduction band should be less than the number of states in the first film subband: 
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For a fixed value of L, the smallest value of the size quantization energy is the quantization energy of a heavy hole. 

Accordingly, for a given L in the β-HgS quantized layer, the quantum size effect will take place for all types of charge 

carriers at temperatures 

  2 2 2

0 3 2hh

B hhT T L k m L  ;  0 5 1752hhT L nm K  ,    0 010 438 , 20 110hh hhT L nm K T L nm K     (5) 

In particular:  0 5 1752hhT L nm K  ,    0 010 438 , 20 110hh hhT L nm K T L nm K    . 

Let us now proceed to calculating the statistical characteristics of equilibrium charge carriers in the β-HgS layer in the 

absence of an external field. 

 
2.1. Chemical potential 

Provided that only the first size quantization subband is filled, we can write the following expressions for the 

concentrations of electrons  ( , )e T L , light  ( , )lh T L and heavy holes  ( , )hh T L : 
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Here  is chemical potential of the system. Integrals (6)-(8) are calculated exactly and from the electroneutrality 

condition  

     , , ,e lh hhT L T L T L           (9) 

for the chemical potential  ,T L of electrons and holes of  intrinsic non-degenerate semiconductor we obtain: 

 
       

1 1 1 1, ln exp
2 2 2 2

conf conf conf conf

e hh lh hhg hh lhB B

e hh B

E E E EE m mk T k T
T L

m m k T


  
      
 
 

  (10) 

As is known, in the case of a bulk intrinsic semiconductor the chemical potential of the system is located in the middle 

of the band gap at absolute zero, In a quantum layer-film, at 0T  , the chemical potential shifts upward from the middle 

of the band gap towards the conduction band by an amount 

       2

1 1
0 1 2 ~ 1conf conf

e hhT E E L          (11) 

At a nonzero temperature, the chemical potential starting from its minimum value for a given layer thickness increases 

linearly with increasing of sample temperature. The magnitude of the displacement is determined by the layer thickness 

and decreases with increasing of L, tending to zero in the limit L 0.In addition, it can be seen from expression (10) that 

in the formation of the position of the chemical potential of the quantum layer, from the carriers of the valence band, the 

dominant role is played by heavy holes. Physically, this can be explained by the fact that with the energy levels of heavy 

holes are located closer to the band gap than the quantization levels of light holes. 
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2.2. Concentration of charge carriers 
Substituting now Exp.(10) into Exps. (6) - (8), for the concentrations of electrons and holes in absence of external field 

we obtain: 

 
         

1 11 2
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Thus, the concentration of light holes in is exponentially smaller then the concentration of heavy holes. This is due to 

the fact that the size quantization energy of heavy hole is much less than the size quantization energy of a light hole.  

Table 2 shows the values of electron density (
e , cm

3
) in the conduction band at a layer thickness of L = 5, 10, 15 

nm for various values (T= 200-500K) of the system’s temperature. 

 

Table2. Values of electron density at a layer thickness of L = 5, 10, 15 nm for various values of the system’s temperature. 

T (K) 200K 250K 300K 350K 400K 450K 500K 

L(nm)
  ,e T L

cm
3

 

 ,e T L

cm
3

 

 ,e T L

cm
3

 

 ,e T L

cm
3

 

 ,e T L

cm
3

 

 ,e T L

cm
3

 

 ,e T L

cm
3

 

5 nm 55 10
 

82 10
 

101,1 10
 

115 10
 

122 10
 

131,1 10
 

134,3 10
 

10 nm 98,3 10
 

114,2 10
 

126 10
 

134,1 10
 

141,8 10
 

145,6 10
 

151,4 10
 

15 nm 104,4 10
 

121,4 10
 

131,5 10
 

138,6 10
 

143,5 10
 

149,1 10
 

152,1 10
 

 

The data presented in the table show that at a fixed film thickness, the density of free electrons in the conduction band 

increases with increasing temperature. This is due to an increase in the value of the energy of thermal motion, due to which 

the number of transitions from the valence band to the conduction band increases.On the other hand, at a fixed temperature, 

the electron concentration increases with increasing of film thickness.As in the case of the carriers’ concentration (Exps. 

(12) - (13)), the determining factor for determining the carriers’ energy, along with the film thickness, is the band gap of 

the material. 

 
2.3. Energy and heat capacity of electron-hole system in the layer 

Taking into account expressions (10) and (12) - (13) for the volume density of the energy  , , ( , )e lh hh T L of carriers’ 

subsystems, we obtain, respectively: 

      
1

, , conf

e e B eT L T L k T E L    
 

       (14) 

      
1

, , conf

lh lh B g lhT L T L k T E E L     
 

;       
1

, , conf

hh hh B g hhT L T L k T E E L     
 

  (15) 

Analysis of expressions (14), (15) shows that with increasing of temperature, the internal energy of the carrier 

subsystems increases. This is due to an increase in the amount of transferred heat energy. The internal energy of electrons 

and hole in the layer increases also with an increase of the thickness of the quantizing layer. This is due to an increase in 

the number of particles in it with an increase of the layer’s thickness. 

Table 3 shows the values of internal energy of electrons in the conduction band at a layer thickness of L = 5, 10, 15 nm 

for various values (T = 200-500K) of the system’s temperature. 
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Table 3. Values of internal energy of electrons at a layer thickness of L = 5, 10, 15 nm for various values of the system’s temperature. 

T(K) 200K 250K 300K 350K 400K 450K 500K 

L(nm)
  ,e T L

J/cm

3
 

 ,e T L

J/cm

3
 

 ,e T L

J/cm

3
 

 ,e T L

J/cm

3
 

 ,e T L

J/cm

3
 

 ,e T L

J/cm

3
 

 ,e T L

J/cm

3
 

5nm 143,5 10
 

111,4 10
 

107,8 10
 

81,4 10
 

71,5 10
 

78 10
 

63,2 10
 

10nm 101,6 10
 

98,5 10
 

71,3 10
 

78,9 10
 

64 10
 

51,2 10
 

53,3 10
 

15nm 104,4 10
 

81,5 10
 

71,7 10
 

61 10
 

64,5 10
 

51,3 10
 

52,9 10
 

 

Accordingly, for the specific heat capacity  , , ( , )e lh hhC T L of carriers’ subsystems we get out, respectively: 

   
1

, confe e
e B e B eC T L k T E k

T T
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    (17) 

Analysis shows that the specific capacityof charge carriers at low temperatures is close to zero, but increases with 

increasing of temperature. Figure 1 shows the temperature dependence of electronic heat capacity  eC T  for the film 

thickness L = 5, 10, 15 nm. 

Fig.1. Curves of the dependence of the electronic heat capacity (Exp.16) on temperature [15;50]Bx k T  meV for the values of film 

thickness L = 5(1), 10(2), 15(3) nm. 

 

3. Influence of lateral electrostatic field on the statistical distribution of charge carriers in the β-
HgS quantum layer of a planar heterostructure β-CdS / β-HgS / β-CdS 

Let us now consider the effect of transverse to the layer external electrostatic field F= F  0,0, F on statistical 

characteristics of charge carriers in β-HgS layer. As we know, an external electrostatic field leads to a narrowing of the 

semiconductor band gap by some value   gE F  [28-31]. To calculate the statistical characteristics of the material in 

the presence of an external field it is necessary to carry out a formal replacement  
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 ( )g g g gE E F E E F          (18) 

in all previous calculations. Accordingly, in the presence of an external field, instead of (10) and (12)- (17) we get: 

     , , , 2;gT L F T L E F              , , , , exp 2 ; , ,i i i g BT L F T L E F k T i e lh hh           (19) 

      
1

, , , , conf

e e e B eT L F T L F k T E L        
 

     (20) 

        
1

, , , , conf

lh lh lh B g lhT L F T L F k T E F E L          
 

    (21) 

        
1

, , , , conf

hh hh hh B g hhT L F T L F k T E F E L          
 

    (22) 

   
1

, confe e
e e B e B eC C T F k T E k

T T

 


         
  

     (23) 

     
1

, conflh lh
lh lh B g lh B lhC C T F k T E F E k

T T

 


           
  

   (24) 

     
1

, confhh hh
hh hh B g hh B hhC C T F k T E F E k

T T

 


           
  

   (25) 

The sign (  ) means that energy and all characteristics are calculated in the presence of an external field. To carry out 

specific calculations of the dependence of the statistical characteristics of β-HgS on the external field, it is necessary to 

estimate the degree of influence of a field with a given strength on the band gap of the sample.So, all of the above is true 

for the fields whose strength is limited by the following condition: 

2ge FL E          (26) 

For the strength values 0 2gF F E e L  в in the sample, there will already be possible the horizontal interband 

transitions through tunneling. Taking such phenomena into account is beyond the physical scope of this 

consideration.Based on the quantum confined Stark effect [28,30,31] we arrive at the following estimate: than the intensity 

of the external field is in the interval  

       
2

1 1
2 ; , 0,11conf conf

hh g hhe FL E E F L eFL E       (27) 

the external field can be taken into account as a perturbation for all types of charge carriers in the layer. When 

 
1

conf

hhe FL E , the external field can no longer be regarded as a perturbation for heavy holes.Taking into account that

e lhm m , the external field can be considered as a perturbation for light holes and electrons, up to values 

       
2

1 1
2 ; , 0,11conf conf

e g ee FL E E F L eFL E       (28) 

With a further increase in the field strength, the condition (26) must be met. In this case, the perturbation theory is no 

longer applicable and other calculation methods must be applied [28 - 31]. 

 

4. Conclusion 

Regarding the modulating effect of dimensional quantization and an external electrostatic field on the statistical 

characteristics of the structure under consideration, we can conclude the following: 

 Under the influence of size quantization, the position of the chemical potential at T = 0 in comparison with the bulk 

sample is shifted upward to the bottom of the conduction band. The magnitude of the displacement is determined by the 
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energy of the ground level of the dimensional quantization of charge carriers. From the valence band, only heavy holes 

contribute to this displacement. 

 Under the action of an external field, an effective narrowing of the band gap of the quantized β-HgS layer occurs. 

This leads to an additional upward shift of the position of the chemical potential at T=0. The magnitude of this 

displacement is determined by the strength of the external field and the width of the quantum well of the layer. 

 In the absence of an external field at a fixed film thickness, the carriers’ concentration increases with increasing 

temperature. On the other hand, at a fixed temperature the carrier concentration increases with increasing film thickness. 

 A similar behavior is also manifested by the internal energy of the electron-hole subsystem in the layer. 

 The specific heat capacity of the carriers increases with temperature. Moreover, the smaller the thickness of the 

quantizing layer, the lower the temperature values from which a significant increase in heat capacity begins. 

 The imposition of an external field leads to an increase of the carriers’ concentration. At a fixed film thickness and 

system temperature, the carriers’ concentration in the layer increases with an increase of the external field’s strength. 

Accordingly, the presence of an external field leads to an increase in the internal energy and heat capacity of the sample. 

Summarizing the results of the work, it can be argued that by varying the geometric dimensions of the sample and the 

magnitude of the external field in the allowable intervals, it is possible to achieve a controlled change in the statistical 

characteristics of the quantized β-HgS layer. 
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