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a  b  s  t  r  a  c  t

It has  been  proposed  that  the  use of  self-assembled  nano  sized  quantum  dot  (QD) arrays  can  break
the  Shockley–Queisser  efficiency  limit  by  extending  the  absorption  of  solar  cells  into  the  low-energy
photon  range  while  preserving  their  output  voltage.  This would  be  possible  if the  infrared  photons  are
absorbed  in  the two sub-bandgap  QD transitions  simultaneously  and  the  energy  of  two  photons  is  added
up  to  produce  one  single  electron–hole  pair,  as  described  by  the  intermediate  band  model.  This paper
indicates  the energy  conversion  efficiency  of  a quantum  dot  multilayer  solar  cell considering  impact
ionization  effect.  A  p–i–n InxGa1−xN/GaN  quantum  dot  solar  cell  structure  has  been  taken  into  account
in  the  calculation.  It is  shown  that the  efficiency  of  a  cell strongly  depends  on the  impact  ionization  in
stacked  quantum  dots  at i-region  of  the cell.  In our  proposed  structure  it is demonstrated  that,  if  averaged
probability  of  impact  ionization,  P, varies  from  zero  to one,  maximum  efficiency  increases  by more  than
12%  (from  43  percent  in P  =  0 to 55  percent  in  P =  1).  Also  it is demonstrated  that  by decreasing  �, maximum
efficiency  increases  and  reaches  to  its  maximum,  59%,  in  � = 2.

© 2016  Published  by  Elsevier  GmbH.

1. Introduction

The maximum energy conversion efficiency limit of conven-
tional solar cells (SC) with concentrated solar has been calculated
by Shockley and Queissar which is named as detailed balance
limit or S–Q limit [1–4]. Detailed balance limit calculation has
shown that maximum efficiency of conventional p–n junction solar
cells in the unconcentrated solar radiation is about 31% and in
full concentration, 46,050 suns, is about 43% [1,5]. By develop-
ing the manufacturing technology of solar cells, such as, reducing
the mismatch between p and n junction, doping control in both
p and n regions, controlling the shunt and series resistance of
cell and improving the growth techniques, experimental efficiency
of cell in unconcentrated condition has reached 27.6% which is
close to the theoretical calculations (31%) [6]. But the cost of
the conventional solar cells is too high and electricity production
from solar cell is more than five orders greater than other energy
resources. The main reasons that the efficiency of single junction
solar cells (like crystalline Si) is limited to 31% are given below as
[7,8]:
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- Not absorbing the significant fraction (20%) of the photons in the
solar spectrum that are below the bandgap,

- High energy photons loss due to thermalization of high-energy
charge carriers in the conduction band due to phonon scattering,

- Reflection from the surface of the cell,
- Non-radiative recombination in the transitions between the band

gaps.

It is expected that by controlling the above mentioned parame-
ters and improving material properties used in cell, exceeding the
S–Q limit can be possible. In recent years, new types and new con-
cepts of solar cells have been reported [2,9–11]. The idea of nano
structure quantum dot (QD) solar cell has been suggested to exceed
S–Q limit [1,12,13]. QD SC produces quantum confined levels and
causes the increase in the effective band gap for absorption of sub-
band-gap photons. QD solar cells are renowned as intermediate
band solar cells (IBSCs), due to the extra band in the band gap
of the host semiconductor. When QDs are stacked in i-region of
a SC structure, the interface states are recombination-generation
centers and can provide additional tunneling paths between the
components of the cell or have the role of charge storage centers
[4,14,15]. Early studies are based on a p–i–n GaAs/InGaAs quantum
dot IBSC structure in which quantum dots are stacked in i-region of
the cell [16]. Shockley and Queissar calculation showed the varia-
tion of cell efficiency in terms of semiconductor band gap in which
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Fig. 1. A schematic diagram of proposed p–i–n quantum dot intermediate band
solar cell.

maximum power conversion occurred in 1.1 eV [17]. Efficiency
peak at this band gap, 1.1 eV, is lower than GaAs gap (1.42 eV). Fur-
thermore, it is expected that choosing the best materials is one of
the approaches to improve the IBSC performance. The lattice dis-
location densities of III-nitride semiconductors are more than five
orders of magnitude greater than other compound semiconductors,
but surprisingly, these defects have a small impact on the perfor-
mance of cell which is still not fully understood [18]. Also, it is
shown that group III-nitride based solar cells have the potential to
achieve limited efficiencies greater than the single junction limit
[19]. The band gap of InxGa1−xN can vary due to In concentration to
make a overlap with solar spectrum (0.77–3.5 eV) [18]. Same as our
previous works [4,13,15,20], a p–i–n InxGa1−xN/GaN structure has
been taken into account in the calculation. Fig. 1 illustrates the pro-
posed structure of solar cell. The sandwich structure of GaN barrier
layers arranges InxGa1−xN QD layers in i-region.

Energy band diagram of IBSC has been shown in Fig. 2. It contains
the usual semiconductor valence band (VB) and conduction band
(CB) but, in addition, there is an intermediate band (IB). IB is located
within the semiconductor bandgap to divide the total semicon-
ductor bandgap, EG, into two sub-bandgaps, EL and EH (Fig. 2). The
efficiency of IBSCs depends on the value of two sub-bandgaps and IB
width. Therefore, the value of confined energy levels should be opti-
mized for producing maximum energy conversion efficiency. The
photons which have the energies below the bandgap energy, cre-
ate one electron–hole pair by pumping an electron from the valence
band (VB) to the IB and an electron from the IB to the conduction
band (CB). IB solar cells are predicted to increase the maximum
energy conversion efficiency and decrease the cost of SCs [1]. In
this system, photons with energies lower than the host material
bandgap’s, h�1 and h�2, can be absorbed and pump electrons from
the VB to the CB and as a result, rise up the photocurrent of the cell
[21,22]. However, in quantum dots, the rate of Auger processes,
including the inverse Auger process or impact ionization of exciton
multiplication, is greatly enhanced because of carrier confinement
and the concomitantly increased electron–hole Coulomb interac-
tion. Impact ionization process produces an enhanced photocurrent
or photovoltage. These processes require sufficient rates of photo-
generated carrier pairs, transport, and interfacial transfer across

Fig. 2. Illustration of the generation and recombination processes in the QD-IB
material.

Fig. 3. Impact ionization process in QD solar cells.

the contacts of the semiconductor compared with the rate of car-
rier cooling [23,24]. Impact ionization processes have been shown
in Fig. 3. In this figure, by absorbing a high energy photon in the QD,
electron–hole pair has been produced. Here, a hot electron of the
conduction band makes a transition to a lower energy in the same
band, as a result of a collision with an electron in the valence band.
This latter electron is promoted to the conduction band in result of
this inelastic scattering by the first electron. In addition, the rate of
impact ionization should be greater than the rate of carrier cooling
and other relaxation processes of hot carriers [2,23].

For an appropriate distance between QD layers, when an array
of QDs are stacked in i-region of a p–i–n structure, the electron
wave function can penetrate into the barrier region and overlap
with other wave functions of the electrons in neighbor QDs  and
so, it is possible to create an intermediate band in the band gap of
the host semiconductor. Furthermore, for an inappropriate distance
between QD layers, the electron wave function in the QDs  becomes
more localized and this intermediate band cannot be produced. If
the wave functions of the electrons do not penetrate the barrier
region, spacing between dots significantly reduces the performance
of device. Hence, QDs should be placed as close together as possible
in order to provide an intermediate band [25]. This paper indicated
a theoretical model to calculate the effects of impact ionization on
the performance of quantum dot IBSC.

2. The model

To illustrate impact ionization, let the high-energy photons of
sun light have energy E > �Eg for � > 2, where � depends on the
material type [26] and given by,

� = 1 + 2me + mh

me + mh
, (1)

here me and mh are effective mass of electron and effective mass of
hole, respectively. So, �Eg has more excess energy than threshold
energy for impact ionization and then the modified S–Q ultimate
efficiency can be expressed by [27],

� = 1
D

[
xg

∫ +∞

xg

f (x)g(x)dx + P

∫ +∞

�xg

f (x)g(x)dx

]
, (2)

where we have considered T = 5785 K as temperature of the sun
surface, variables x = E/kT, and xg = Eg/kT are defined. So, mean occu-
pation number of photons with energy xkT can be expressed by,

f (x) = 1
exp(x) + 1

,  (3)
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