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ABSTRACT

In this paper, a Monte Carlo model for electron and hole transport in GaAs/AlGaAs quantum well solar cells
(QWSCs) is presented. In the model, the quantum mechanical limitations of particles are considered. By appropriate
combination of the classical and quantum equations the tunneling behavior, quantization of energy levels, quantum
reflection of carriers, and some other properties of the QWSCs have been modeled. Especially, the model is able to
calculate the dark and optical currents, simultaneously. The accuracy of the model is compared with published
practical results. Graphic energy diagram of particles is a unique trait of this model that is earned at last. Modeling is
based on the ensemble Monte Carlo method (EMC). The simulations were achieved using the MATLAB software.
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1. INTRODUCTION

Quantum Well Solar Cells (QWSCs) have been widely used in satellites and modern wireless systems[1], [2]
and [3].Introducing quantum wells (QW) into the intrinsic region of the solar cell, results in a better conversion
efficiency compared with the conventional p-i-n solar cells[4] and [5].Such configuration has two main advantages
in which the absorption of low energy photons in the shallow wells leads to the increase in the short circuit current
and open circuit voltage, since the recombination rate increases in the wells[6].The well width and the Al mole
fraction of GaAs/AlGaAs cells play significant roles in the capture and escape of carriers and the efficiency of the
cells [6].The highest efficiency reported for this type of cells, used in the satellites, is 41.6% fora triple junction

InGaP/InGaAs/Gesolar cell [1].

Despite a large amount of researches achieved so far on the solar cells, a few works have been focused on the
QWSCs[7].In 1993 Corkish and Green developed a model for QWSC in which the quantum well was a separate cell
in parallel with the main cell[8].Separation of the QW from the main cell does not show appreciable effects on the
cell efficiency compared with the traditional cells, but it was useful to show various absorption and recombination
effects in traditional cells. Mohaidat proposed another model in 1994, where the tunneling of the carriers in multi-
quantum wells was considered [9].Based on this model, it was possible to show that the efficiency will increase
significantly, if the tunneling rate of the carriers is made optimum. In a model proposed by Varonides, having good
agreement with the experimental results, the effect thermal distribution on the cell was considered and its effect on
the total carrier concentrations and the tunneling phenomena were analyzed simultaneously[10],[11]. In 2008 a
model was presented in order to study the effect of escape and capture phenomena in QWSC [12].Each of the
aforementioned models had focused on just on property of the QW. The model proposed in the present work will be
able to analyze all properties of the QWSC. Such a comprehensive model requires the consideration of the actual
behavior of the quantum particles, electrons and holes. Some models like Drift-Diffusion and hydrodynamic models
are suitable for large scale devices, but in QWSs, some phenomena like saturation of the velocities in high electric
fields and the thermal velocity will add some unpredictable errors into the results. Some works have been achieved
to overcome these problems [13],[14] and [15].But these proposed solutions have usually led to the models that are
still unable to predict new phenomena. The Monte Carlo method used in this work can give precise results by
considering every equation for particle behavior.

The aim of this paper is to prepare a Monte Carlo model for a single QWSC. The method has a significant
difference with the above mentioned and the other methods, since it is directly based on the physical and
mathematical aspects of the particle behavior and no assumption needs to be made in the model. Any physical
phenomenon happened in the real world, can be modeled by the Monte Carlo method. Thus, the more the physical
equations are included in the model, the more the accurate results [16].

The scientific contributions of this paper are: 1) solving the Poisson equation with the transferred matrix method
(TMM), 2) calculation of the energy eigenvalues and the wave functions in each mesh, 3) Monte Carlo modeling of
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the tunneling process by calculation of the tunneling probability, 4) Modeling of reflection and transition
phenomena of particles at the material boundaries.

1. Quantum Well Solar Cell and Monte Carlo model

Monte Carlo methods use randomly generated numbers or events to simulate random processes and estimate
complicated results. Particles transportation in semiconductor devices is a random phenomenon. So, this method can
be applied to model the carrier transportation. The Monte Carlo method used in this paper is described in [17] and
[18]in detail, where the equations regarding scattering, drift, Poisson and Monte Carlo simulation of such
phenomena are included.

In this work we have used the Monte Carlo method for a special solar cell in which a quantum well is included,
and the limitations added to the classical Monte Carlo method for this structure will be tackled.

A sample quantum well solar cell used in this work and its energy bands are shown in

Fig.1,where the middle layer forms a quantum well.
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Fig.1. A sample quantum well junction

Valence band

At first, the tunneling and the energy of carriers are considered. The energy of carriers in the well is calculated
by solving the Schrédinger equation:

-h*d 1 d
LS;rzdxm(x)dx +V (X)}//(X) =Ey(x) 1)

Whereh is thePlank constant, m is the effective mass of electron, V is the electrostatic potential,y is the wave

function of electron, and E is the energy of the particle.

Since the Monte Carlo method needs to divide the device into smaller meshes, the Schrédinger equation has to
be discretized to solve. The meshes used in this work are equal in size. Therefore, the Schrodinger equation will be
solved using the Transfer Matrix Method (TMM) [19].The potential has a special value in each mesh.

Barrier Barrier

(a) (b)

Fig.2.Potential profile in Quantum well a) non field b) in the presence of field.

The equations used in the TMM method to solve the 1-D Schrodinger equation are listed below:

w;(x)=Ae"" +Be " )
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Where A; and Bjare determined by the boundary conditions. j is the integer index of the layers varied between 1
to N (the number of meshes). By considering the continuity condition of the wave function and its derivative at the

boundaries of the layers, will results in
A A
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=M; ()
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By multiplying M;’s to each other:
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Considering the limitations of A; and Bjatj=0 and j=N, it is found that a,, must be zero (a,, =0). Therefore, any
particle energy E that satisfies this condition is one answer to the Schrédinger equation.

According to these relations the energy of carriers will be calculated. In Table 1the energy levels obtained for
the well-used in this work (GaAs/AlGaAs, width=100A, height=0.374eV for electrons and 0.187eV for holes) are
summarized. The height of the well for the holes is small. Therefore, the holes can get only one level of energy in

the well. Wave functions will be obtained by a recursive method using equations (2)-(4) and the energies listed in
Table 1.The resulting wave functions in the sample QWSC are shown in Fig.3 for electrons:

Table 1. The energy of carriers with TMM method in sample QWSC

Energy Hole Electron
El 0.11805 0.0549
R 0.1552
I — 0.3115
Wave Function of electron
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Fig.3. Wave function of electrons for the sample cell for E1 (blue), E2 (green) and E3(red).

The wave functionis a measure of existing probability of a particle. Therefore, if the wave function extends to
the edges of the potential walls, the relevant particle can tunnel through the barrier(Fig.4). Fig.3implies that indeed
the electrons can tunnel through the barriers, because their wave functions have non-zero values beyond the 100A
well. Electrons in the well have quantized energy levels. The higher the energy level, the larger the probability of

tunneling.

19



Keramatzadeh et al., 2013

Fig.4. Carriers tunneling from quantum well

Equation 7represents the tunneling probability as a function of wave function [20]:

2
(x;)
T =—‘W : ‘ - (7)
‘V/(XH)‘
Therefore, the probability of tunneling from the layerjinto the layerk is:
2
X.
TUN =M, k=12,..,N ®)
v (x)

According to equation (8), the carriers can tunnel from the left to the right of the well inFig.4for which y(x;.) is
non-zero. For use in the Monte Carlo simulation, TUN has been normalized in Fig.5.

TUN

i -
J
Fig.5. Tunneling probability into the ilayer from other layers.

Now, referring to the above equations, the tunneling phenomenon can be implemented using the Monte Carlo
random generation method:
r <Tun Tunneling
r >Tun Reflection

Another important phenomenon needs to be discussed is the reflection of the particles atthe material boundaries,
which is a function of the refractive indices of materials[17]. The two parameters describing this property are the
reflectivity R and the transition factor T, where
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Reflection

n2

Transition
Fig.6. Reflection process form material boundary

2
R:[nl—nZJ )
nl+n2
T =+v1-R? (10)

where nl and n2 are the refractive indices of the two materials. n1 and n2 are functions of wavelength, therefore, the
transition rate depends on the wavelength of the incident light.

This phenomenon is implemented in the Monte Carlo method by random generation ofthe numbers, r, as
following:

Fig.7. Transition rate versus wavelength.
r<T Transition
r>T Reflection

In a solar cell the generation and recombination must also be considered. In our QWSC sample, the doping
concentrations of the n and p regions are about 10'%cm™. In this work it was assumed that there exist 100 super
particles [17]in a unit of volume, meaning that each super particle serves as 10°physical particles. Optical
generation can significantly increase the minority carrier concentration, while the concentration of the majority
carriers remains approximately unaltered. The concentration of the optically generated carriers is about 10* to 10°
cm’. In this case the defined super particles cannot distinguish the optical carriers, and it will be assumed zero in the
simulations. To solve this problem, two types of super particle are assumed; one for the optical carriers and the other
for the normal carriers.

Another problem is the recombination lifetime of the carriers. Recombination of carriers takes place in about
10°°s, while the transport time of carriers in a mean free path is in the range of 10™s. It means that the program
needs about 10° repeats of the Monte Carlo loop to reach the first recombination. In order to solve this problem, the
number of carriers in each cell is determined in steady state.

The first stage of the program requires the appropriate selection of the initial conditions of the carrier

properties at thermal equilibrium and in the no-field condition. In each run of the Monte Carlo loop [17] the particles
drift and also scatter in the field. In the drift subroutine the tunneling and reflection of carriers are considered.

Where
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Generation and recombination of the carriers are considered in a subroutine that updates the number of particles in
each cell.

Scattering types considered in the QWSC are impurity scattering, phonon scattering and carrier-carrier scattering. In
the intrinsic region impurity scattering is not considered. Because of the strong field, the bands are non-parabolic [17].

111. SIMULATION AND RESULT

The program has been run for 500 repeat, Ax=5A, AT=2 fs, Temperature=300’k, concentration of the n and p
regions= 2x10'¥cm™, and the solar spectrum was AM1.5 [21].The well height was calculated to be 0.374eV for
electrons and 0.187eV for holes for the mole fraction of x=0.45. The well width was assumed to be 100A. The
results of simulations are discussed below.

The potential profile will be updated after every run of the Monte Carlo loop. The final results are shown in
Fig.8.
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Fig.8. Potential profiles for a) electron and b) holes.

The size of the device is very small; therefore, the electric field extends to the doped regions.
The electric field is calculated from equation (11):

e 10¢ Electric Field e 10° Electric Field
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Fig.9. Field for a) electrons and b) holes.
Negative value of the field shows the barriers against carrier’s motion.

Fig.10compared the experimental result given in[22]with the current-voltage characteristics obtained from our
model with linear approximation for 30 wells. It shows good agreement with experimental result.
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Fig.10 . Comparison of the results obtained from the present work (a) with the experimental result in ref. [22] (b).
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Fig.11. Current voltage characteristics for the sample cell.

The current-voltage characteristics of the cell are shown in theFig.12.As it is observed the dark and optical
currents are shown separately, which is an advantage of the Monte Carlo process, since this model benefits a particle
based method of simulation. On the other hand, the energy of the particles can give good information about the
recombination and absorption of wavelength spectrum. Fig.12the particles energy in the well is quantized. As can be
seen, some carriers surpass the potential wall. Some other carries are confined in the well because their energies are
less than the energy of the barrier and also encounter the reflection from the interface of the two materials.

Energy of electrons Energy of Holes

3 4
x10° X(m) x10°
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Fig.12.Particles energy a) electrons b) holes.

The concentration profiles of electrons and holes are shown in Fig.13 According to this figure there is a peak at
each interface of the wall, indicating the higher concentration of the carries at the interfaces. These are due to the
reflection and capture of the carries at these boundaries. At the contacts, since the carriers are swept out very
quickly, the concentrations of carriers are very low.
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Fig.13 concentration profile a) electrons b) holes.
IV. CONCLUSION

A Monte Carlo model for carrier transport is presented in this paper. Particle based analysis is one of the
advantages of the Monte Carlo method that makes possible analyze every phenomena such as generation and
recombination, tunneling, thermal escape, and capture in the well. This model is also capable of investigating other
particle-based phenomena that cannot be analyzed using traditional methods. Using the obtained results it is possible
to ultimately obtain the efficiency of QWSCs. At high fields the particle velocity will approach the saturation
velocity. Drift-Diffusion and Hydrodynamic equations cannot properly track this velocity. The electric field in a
well of 100A width is several thousand times larger than the field in the bulk. The only method that can simulate the
particle transportation in such high fields is the Monte Carlo method. The energies of the particles have also been
obtained in detail which can give valuable information regarding the recombination and absorption of wavelength
spectrum. The dark and optical currents obtained separately which is an advantage of the proposed model. It is
shown that there are good agreement between our results and the experimental results reported in the other works.

The more physics is added to this model, the more accurate results are obtained.

The model presented in this work is a semi-classical Monte Carlo model, because it considers the classical
relations of the carrier transport in the bulk AlGaAs and the quantum transport in the quantum well.
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