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Abstract. The present paper discusses the modeling of the multi-layered quantum well 

solar cells as well as the simulated results of this model. The quantum confinement of a 

semiconductor induces new energy levels, located in the band gap, as well as resonant 

levels located in the conduction and valence bands. These levels allow supplementary 

absorption in visible and near infrared range. The quantum efficiency of the 

supplementary absorption was calculated within the infinite rectangular quantum well 

approximation. As the absorption excites carriers in the gap of each layer, even a small 

absorption significantly increases the photocurrent (by photoassisted tunneling) and 

therefore the cell efficiency. There are presented the results of the simulation for Einstein 

absorption coefficient and quantum efficiency of the transition between the resonant 

levels of GaAs, as well as quantum efficiency of the transitions between the confinement 

levels. 

Keywords: Solar cell; Quantum Confinement Effects; Multi-layered structure; Optical 

Absorption; Quantum Well 

1. Introduction 

The “quantum well” photovoltaic cells were first proposed in 1990 [1], based on 

the idea that the use of the quantum wells could improve the photovoltaic cells by 

extending their spectral response, as well as by increasing the photocurrent. One 

year later, this idea was experimentally proved by using a GaAs/AlxGa1-xAs multi-

layered structure [2]. From then on, the use of the multi-layered photovoltaic 

(MLPV) cells became one of the most used approaches for a high efficiency PV 

cell. Generally, such cells are p-i-n type diodes, with the intrinsic region formed 

by a multilayered structure [3-15]. Most of these cells have layers of tens or even 

hundreds of nanometer thickness, so that the quantum effects are reduced; 

nevertheless they are also called in some texts “quantum well” PV cells (see for 

instance Ref. 5). However, MLPV cells with real quantum sizes (multi-layered 

quantum well photovoltaic – MLQWPV) are also studied (e.g. in Refs. 14, 15). 

The E 2456-06 ASTM International Standard “Terminology for Nanotechnology” 

states that sizes between 0.1 and 1 μm are to be called “submicronic”, while the 

prefix “nano” is to be used for sizes between 1 and 100 nm only. On the other 

hand, an analysis of the quantum effects proves that the quantum size appears 

under about 20 interatomic distances (e.g. about 5 nm), where the band structure 
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is replaced by an energy level structure and the momentum conservation law is no 

longer valid [16, 17]. 

The true quantum well photovoltaic cells use the special advantages of the low 

dimensional systems, where at least one size is at quantum scale. This leads to two 

important contributions. 

• The first contribution is a strong quantum confinement (QC) effect. 

Indeed, at this size, it was proved that the material nature role is secondary 

with respect to the QC [18, 19].  

• The second contribution is the increased role of the surface/interface. The 

area/volume ratio is of the order of 1/d, where d is the minimum size, so that, 

at quantum sizes, this ratio is greater than 210
8
 m

-1
. Then, the cells are 

classified with respect to their dimensionality in 2D, 1D, 0D and fractals. The 

MLPV (and the multi-layered quantum well photovoltaic – MLQWPV) cells 

are 2D. In literature, they are divided in multiple quantum wells (MQW) and 

superlattice (SL) systems [5, 14], the difference being based on the barrier 

layer thickness [14]. However, this interpretation is not correct. The SL 

structures replace the resonant levels from the conduction and valence bands 

of the “quantum wells” with resonant bands. This is not correlated with the 

barrier thickness, but with the total number of layers, for reasons similar with 

those that define the quantum size [16, 17]. In the following, only MQW 

structures will be considered. 

We have to mention the recent results obtained regarding plasmonic solar cells 

which have important prospects for the future. They use nanoparticles to benefit 

from plasmonic effect in order to improve absorption and finally, the solar cell 

current response [21].  

The aim of this paper is to model MLQWPV cells in order to find out how to 

improve them. Section 2 deals with the QC effects. Section 3 calculates the 

quantum efficiency of a layer and discusses the optical improvements of the cells. 

Section 5 (the last) summarizes all the simulation results. 

2. Quantum confinement effects 

As we have stated in Section 1, the MLQWPV cells have a p-i-n structure, with a 

multi-layered i region (e.g. GaAs/AlxGa1-xAs). It is well known that the band gap 

difference between the layers acts like a quantum well and induces the appearance 

of resonant levels in both the conduction and valence bands (MQW structure). 

These levels improve the absorption and therefore increase the cell efficiency. If 

the number of layers is big enough, the resonant levels are replaced with resonant 

bands (SL structure). An example of both structures, under an external bias V, is 

presented in Fig. 1, adapted from Fig. 2 (see [12]). Ew, tw and Eb, tb are the gaps 
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and thicknesses of the quantum well and barrier layers, respectively. For 

MLQWPV cells, both tw and tb are of the order of 5 – 10 nm. 

Fig. 1. (a) MQW and (b) SL p-i-n structures under applied bias V. Solid lines - the resonant levels 

(a) and bands (b); dotted lines - the QC levels. 

Several studies [18-20] proved that the main quantum confinement (QC) effect 

consists in the introduction of QC levels in the band gap. Indeed, the 

surface/interface of a low dimensional system acts like the wall of a quantum 

well. The analysis of different shapes proved that the rectangular quantum well is 

good enough for the description of the QC effects. 

There are two more problems to analyze.  

• The first one is the depth of the potential well. We have found that, for 

rectangular quantum wells, deeper than 2 eV and larger than 1 nm, the 

differences between the first three levels in the finite well and the infinite well 

with the same width is less than 2.5 % [18], so that the use of the infinite 

rectangular quantum well (IRQW) approximation does not exceed the 
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experimental errors. As the relative error is proportional with t U , where U 

is the potential well depth, it results that the IRQW approximation does not 

lead to errors greater than about 5 % for any known MQW or SL structure. 

• The second problem is the location of these additional energy levels. As at 

absolute zero temperature the maximum energy of an electron in a 

semiconductor corresponds with the top of the valence band, the fundamental 

quantum confinement level should be located at this energy value. This means 

that the QC levels must be located in the band gap. 

The electron energy has the expression: 
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where  s

kn
  is the shifted 2D band energy, Ep-1 is the QC level energy (E0  0), *

tm  

is the transversal effective electron mass, and t the layer thickness. These QC 

levels induce supplementary absorption in the visible and near infrared range. It is 

important to remark that these levels appear in both narrow and wide gap layers. 

At the same time, one can see from Fig. 1 that, at convenient bias value, some 

levels from the consecutive quantum well and barrier layers have practically the 

same energy value (differences under kBT). This strongly increases the tunneling 

rate through the junction. 

3. Internal quantum efficiency modeling 

We will not discuss here the band-to-band absorption, but only the absorption 

induced by the resonant levels and by the QC levels from the gap. The absorption 

rate is proportional with the square modulus of the matrix element of the 

transition Hamiltonian between the initial and final state: 
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If one takes into account only the electric dipole transition (as it is the most 

probable) and if one uses the IRQW approximation, the matrix element becomes: 
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where pi, pf are natural non-zero numbers. 

The calculations are performed for E


 parallel with or perpendicular on the layer, 

considering a square cell with the size L. In the first case, the position vector does 

not depend on z and its mean value is L/2. Then, the matrix element equals 

eEx,yL/2 if and only if pf = pi. This case describes the pair generation by means of 
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transitions between resonant states from the valence and conduction bands. In the 

second case, the matrix element is eEx,yt/2 if pf = pi (transitions between resonant 

states) and 
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(transitions between QC levels), which is different from zero if and only if pf – pi 

= 2p – 1. Usually, the transitions between QC levels start from pi = 1 (top of the 

valence band). Taking into account the Snell-Descartes rule, we can express Ez for 

different polarizations. For polarization parallel with the incidence plane, 

2
,||

2
|||||| sin yxrz EEiEE   (i is the external incidence angle), while for 

polarization perpendicular on the incidence plane Ez = 0. As the solar light is not 

polarized, 2|| EEE   . Then, the absorption rate is 
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for transitions between resonant symmetric levels in the quantum well (εwr is the 

relative permittivity and 2*22 2 www tmEhcE  , where 

  1*** 11


 gweww mmm  is the excitonic effective mass) and 
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for transitions between the top of the valence band and the QC levels 

(    142 22
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*
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22  ptmhcE bwbewpp   and the constants correspond to the 

considered layer – either quantum well or barrier). 

The Einstein absorption coefficient for a layer becomes 
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for transitions between resonant symmetric levels in the quantum well and 
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for transitions between the top of the valence band and the QC levels. 
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The quantum efficiency is related to the Einstein absorption coefficient by the 

relation 

B
cL2
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so that we obtain 
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One can observe that the quantum efficiency for the transitions between the top of 

the valence band and the QC levels is several orders of magnitude smaller than the 

one for transitions between resonant symmetric levels in the quantum well. 

However, the excitation of even a few carriers in the band gap, on QC levels that 

are practically equal between the different layers (due to a conveniently chosen 

bias), leads to a photoassisted tunneling and significantly increases the 

photocurrent. 

Fig. 2. Schematics of a p-i-n MLQWPV cell with refractive grating. 

This condition could be assured if we would consider a refraction grating made up 

from optical prisms with the edges oriented on to the direction east-west (see 

figure 2). In this case, the following replacement could be done in the equations 

10 and 11: 
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where   is the prism angle and i is the incidence angle with the considered layer 

surface.  

4. Simulation Results 

4.1. Solar Cells Dimensions and Material Data 

Based on the equations 10, 11 and 12 simulations have been carried out for cells 

with the dimension of 2.5 cm and the well thickness of 10 nm. The following 

values were considered for the general constants:  
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 electron mass 319.1 10 kg em , 

 Planck constant: 346.6206 10 Jsh   , 

 Speed of light : 8 m
2.998 10

s
c   , 

 Vacuum absolute permittivity: 
12

0
F

8.854 10
m

   . 

The analysed materials were GaAs and AlxGa1-xAs. 
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xa  193.60 ; xb  2.104.90 ;  
2
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 ; 2
0 37.0155.1425.1 xxe  ; 2

0 37.0115.1765.1 xx  . 

Equation (13) is satisfied for [0,1]x . 

The material constants utilised for GaAs were: 

 energy gap: Eg = 1.424 eV; 

 effective mass of electron: ee mm  067.0* ; 

 effective mass of gap: eg mm  62.0* . 

Material constants utilised for AlxGa1-xAs 

 effective mass of electron : ee mxm  )083.0067.0(* . 

4.2. Simulation of the Einstein absorption coefficients 

Simulation of the Einstein absorption coefficients based on equations (7), (8) and 

(12) established in previous section the Einstein absorption coefficients were 

simulated as follows: 

 Dependence of the Einstein absorption coefficient for the transitions 

between the resonant symmetric level in quantum well with the prism 

refraction index and incidence angle (see the figures 3 and 4). 

 Dependence of the Einstein absorption coefficients for transitions between 

the top of the valence bands and the QC levels with the incidence angle 

and well thickness (see the figures 5 and 6). 

The well thickness was tw = 10 nm. 
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Fig. 3. (a) Dependence of the Einstein absorption coefficient for the transitions between the 

resonant symmetric level in quantum well on the prism refraction index. The following incidence 

angles were considered: i= 0 rad (red); i= 0.4 rad (blue); i= 0.8 rad (green); i=1.2 rad (violet); a.u. 

= atomic units.  

(b) Dependence of the Einstein absorption coefficient for the transitions between the 

resonant symmetric level in quantum wells on the incidence angle. There were considered np=1.2 

(red), np=1.4 (blue), np=1.8 (green), np=2 (violet). 

     

Fig. 4. (a) Dependence of the Einstein absorption coefficients for transitions between the top of 

the valence bands and the QC levels on incidence angle. There were considered different values 

for the aluminium amount x in the considered semiconductor: x= 0.1 (red); x= 0.2(blue); x= 0.4 

(green); x=0.6 (violet).  

(b) Dependence of the Einstein absorption coefficients for transitions between the top of 

the valence bands and the QC levels on well thickness (tw). There were considered different for the 

aluminium amount in the considered semiconductor: x = 0.1 (red); x = 0.2 (blue); x = 0.4 (green); 

x = 0.6(violet). 

4.3. Simulation of the quantum efficiency for the transitions between the 

resonant levels  

The quantum efficiency of the transition between the resonant levels for GaAs 

was simulated based on the equations (10), (11) and (12).  
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The dependences on prism refraction index, as well as on incidence angle were 

studied (see figure 7 and 8). 

 

Fig. 5.  (a)Quantum Efficiency of the transitions between the resonance level for GaAs as a 

function of prism refraction index. There were considered the following two main cases: (1) prism 

angle / 6   and incidence angle: i=0 rad (red curve), i=0.8 rad (green curve), i=1 rad (black 

curve). (2) prism angle 3/2  and incidence angle: i=0 rad (blue curve), i=0.8 rad (violet curve), 

i=1 rad (brown).  

(b) Quantum Efficiency of the transition between the resonant levels for GaAs as function 

of incidence angle.  

From the Figures 6(a) and 6(b) it was remarked that the quantum efficiency of the 

transitions between the confinement levels has very small values in comparison 

with the quantum efficiency between the resonant levels.  

It is smaller for larger prism angle   and it increases slowly together with the 

increasing of the incidence angle.  

4.4. Simulation of the quantum efficiency for the transitions between the 

confinement levels 

From the Figures 7(a) and 7(b) it was remarked that the quantum 

efficiency of the transitions between the confinement levels for AlxGa1-xAs the 

following features: 

- it has larger values than for GaAs, 

- it is increasing together with the increase of the aluminum amount 

as well as the refraction index of the prism, 

- it is dropping with the increase of the incidence angle. 
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Fig. 6.  (a) Quantum efficiency for the transitions between confinement levels for AlxGa1-xAs as 

functions of prism refraction index. There were considered two main cases: (1) prism angle 

/ 6   and incidence angle: i=0.4 rad (red curve), i=0.8 rad (green curve) and i=1.2 (black 

curve) (2) prism angle 3/2   incidence angle i=0.4 rad (blue curve), i=0.8 rad (violet curve) and 

i=1.2 (brown curve). 

 (b) Quantum efficiency for the transitions between confinement levels for AlxGa1-xAs as 

function incidence angle. There were considered two main cases: (1) prism angle / 6   and 

prism refraction index: np=1.2 rad (red curve), np=2 rad (green curve) (2) prism angle 3/2   

incidence angle np =1.2 rad (blue curve), np = 2 rad (violet curve). 

    

Fig. 7. (a) Quantum efficiency for the transitions between confinement levels for AlxGa1-xAs as 

function of aluminium amount. The prism refraction index is np = 1.5. There were considered two 

main cases: (1) prism angle / 6   and incidence angle: i=0.2 rad (red curve), i=1.2 rad (green 

curve) (2) prism angle 3/2   and incidence angle: i=0.2 rad (blue curve), i=1.2 rad (violet 

curve). 

 (b) Quantum efficiency for the transitions between confinement levels for AlxGa1-xAs as 

function of aluminum amount. The prism refraction index is np = 2. There were considered two 

main cases: (1) prism angle / 6   and incidence angle: i=0.2 rad (red curve), i=1.2 rad (green 

curve) (2) prism angle 3/2   and incidence angle: i=0.2 rad (blue curve), i=1.2 rad (violet 

curve). 
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Conclusions 

We have proved that the QC introduces energy levels not only in the conduction 

and valence bands (resonant levels), but also in the band gaps (QC levels). The 

corresponding energy values can be estimated from IRQW approximation with a 

good precision. On this basis, the quantum efficiency of the absorption for 

transitions between resonant or QC levels was calculated. A refractive grating was 

proposed in order to ensure good absorption conditions at any Sun position. Such 

an adaption could provide to the present MLQWPV cells several advantages over 

the classical PV cells: increased efficiency, wider spectral response, increased 

controllability. The simulated curves for the transition between the resonant levels 

as well as the transition between the confinement levels were presented and 

discussed.  

The modelled and simulated results would allow an improved design of the 

quantum well solar cells. 
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