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a  b  s  t  r  a  c  t

The  impact  ionization  in  semiconductor  materials  is a process  that  produces  multiple  charge  carrier
pairs  from  a single  excitation.  This  mechanism  constitutes  a possible  road  to  increase  the  efficiency
of  the  p-n  and  p-i-n  solar  cells  junctions.  Our study  considers  the  structure  of InN/InGaN  quantum  dot
solar  cell  in  the  calculation.  In this  work,  we  study  the  effect  of  indium  concentration  and  temperature
on  the  coefficient  � of  the  material  type  parameter  of  the  impact  ionization  process  for  a p(InGaN)-
n(InGaN)  and p(InGaN)-i(QDs-InN)-n(InGaN)  solar  cell.  Next,  we  investigate  the  effect  of  perturbation
such  as  temperature  and  indium  composition  on  conventional  solar  cell’s  (p(InGaN)-n(InGaN))  and  solar
BSC
uantum dot
olar cells
nergy

cells of the  third  generation  with  quantum  dot  intermediate  band  IBSC  (p(InGaN-i(QD-InN)-n(InGaN))
by  analyzing  their  behaviour  in terms  of efficiency  of energy  conversion  at the  presence  of  the  impact
ionization  process.  Our  numerical  results  show  that  the  efficiency  is strongly  influenced  by  all of these
parameters.  It  is also  demonstrated  that  � decreased  with the  increase  of  indium  concentration  and
temperature  which  contributes  to  an  overall  improvement  of  the conversion  efficiency.

©  2019  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

Photovoltaic conversion is extensively studied in the last years
ue to its potential to address the continuing decline of fossil
esources [1–4]. Recently, many scientists suggested different pat-
erns to increase the conversion efficiency of these devices. Among
hese models, the intermediate band solar cells (IBSC) were pro-
osed by A. Luque in 1997 to provide higher efficiency and to exceed
he Shockley–Queisser limit for a single-junction solar cell [5–7].
he principle of the IBSC consists of inserting an intermediate band
ased on multilayer quantum dots (QDs) between the p and n junc-
ions [6]. Indeed, quantification of energy levels in quantum dots
an create intermediate levels. On the other side, the solar cells

ased on the QD exhibit an electron–hole pair multiplication, which

eads to provide higher efficiency limit [8,9]. A QDs-IBSC cell can be
anufactured, for example, by using a molecular beam epitaxial in
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Stranski-Krastanov growth mode composed of the lower layers of
QDs sandwiched by p and n GaAs transmitters [10]. Thus, the uses
of the QDs in the solar cells have been shown to have an interesting
potential to reduce energy loss corresponding to the photons with
low energy [11–13]. On the other hand the thermalization effect
is among factors limiting the efficiency limit. In order to recuper-
ate the energy lost by thermalization, some studies have used the
impact ionization process into a single-junction solar cell [14–17].
This process requires incident photon energy greater than the �Eg ,
where � is coefficient of the selected material of impact ionization
process. We  note that transitions related to the impact ionization
result from the collision between an electron of the conduction
band and another electron of the valence band. So, the electron in
the conduction band loses its energy and moves therefore to a lower
energetic band in the same conduction band. However, another
electron of the valence band recovers the energy lost during the
collision to get promoted to the conduction band. The mechanisms
applying to bulk materials, as well as to those based on QDs are

respectively presented in Figs. 1(a) and 1(b) [1].

Different previous works have generally studied only the vari-
ation in efficiency as a function of the coefficient of the material
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Fig. 1. The different steps of creating electron-hole pairs by impact ionization process in t
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ig. 2. Energy bands in p-i-n junction solar cells with intermediate band based on
Ds.

ype parameter and ionization impact probability [14,17,18], but it
s also interesting to study the effect of other parameters such as
emperature and In concentration. It is expected that by controlling
he above mentioned parameters and improving the properties of
he materials used in the cell, it is possible to exceed the S-Q limit.
n the following, we present the impact of the different parame-
ers on the efficiency of solar cells based on InGaN material. Let
s underline that temperature or substitution degree, electronic
nd optical properties of semiconductor materials are considerably
ltered [19–22]. This results in a change of the impact-ionization
rocess and of the energy conversion efficiency of both conven-
ional solar cells (p-n) and intermediate band solar cells (QD-IBSC)
-i-n undergo a considerable change. In this field, we report an
nvestigation of the p(InGaN)-n(InGaN) and p(InGaN)-i(QD-InN)-
(InGaN) junction solar cells. Calculation is discussed in the context
f the effective mass approximation. In order to calculate energy
evels of an intermediate band the Schrödinger equation in 3D is
olved by using the finite difference method. We  analyze the impact
f temperature and indium concentration on the parameter that
epends on the type of the selected material for impact ionization
rocess. So, we take into account impact ionization process, effect
f the temperature and indium content on energy conversion effi-
iency of conventional solar cells (p-n), and intermediate band solar
ell (p-i-n) are investigated. The paper is organized as follows. In
ection 2, we outline our theoretical approach for evaluating the
fficiency of a p-n and p-i-n junction. In Section 3, we present our
umerical results and discussions.

. Theoretical part

In this section two cases are investigated. In the former, we study
he p-n junction where only transitions from the valence band to
he conduction band are possible. In the latter, we are interested

n the p-i-n junction where the additional transitions to and from
he intermediate band are possible, see Fig. 2. In the second case,
e distinguish between “direct” transitions, denoted I in Fig. 2,

nd the “other” transitions, denoted II. Both are triggered by the
he case of a bulk semiconductor [1(a)] and in the case of a QD [1(b)] taken from [1].

impact ionization mechanism which corresponds to the inverse of
the Auger recombination process. In the first time we  present the
theoretical formulation for calculating electron, holes energy levels,
interband EH , and intersubband EL transition QD-IBSC. The system
under investigation consists of spherical InN QDs embedded into a
InxGa1−xN matrix.

In spherical coordinate, the time-independent Schrödinger
equation for electrons (holes) in conduction (valence) band into a
spherical coordinate, in the effective mass approximation, is stated
as follows [23]:

− �
2

2m∗
i

(
2
ri

∂
∂ri

+ ∂2

∂ri
2

)
 (ri) + �

2l (l  + 1)

2m∗
i
r2
i

 (ri)

+Vi (ri) (ri) = Ei (ri) (1)

where ri is the radial coordinate of the particle with i = (e, h),  (ri)
the radial wave function and m∗

i
is the effective mass depending on

temperature and indium content x in the structure [24]:

m∗
i (x, T) =

{
m∗
i,InN (T) ri ≤ R in the QD

xm∗
i,InN

(T) + (1 − x)xm∗
i,GaN

(T) elsewhere of the matrix

i(e, h) (2)

The temperature dependence of the effective mass is given by
[25]:

m∗
i (T) = m∗

i

1 + (Ci/Eig(T))
(3)

where m∗
i

is the effective mass of the particle i = (e, h) at room
temperature, Eig(T) is the band gap of a function of temperature,
and Ci is constant for each material. Ci is equal to 14.07 eV for GaN,
and to 25.50 eV for InN [24].

In Eq.(1), we describe the more realistic form of the confinement
potential of particle i [24]:

Vi (r) =

⎧⎨
⎩

Qi�Eg (x, T) r2i
R2

ri ≤ R in the QD

�Eg (x, T) elsewhere in the matrix

(4)

where Qe = 0.70 and Qh = 0.3 are the offset of the conduction band
(valence band). �Eg (x, T) is the difference between the band gap
of InN and InGaN which can be governed by the concentration of In
and the temperature. It is expressed as:

�Eg (x, T) = EInxGa1−xN
g (x, T) − EInNg (T) (5)

The bandgap energy of the ternary alloy InxGa1−xN is given as

follows [26]:

EInxGa1−xN
g (x, T) = xEInNg (T) + (1 − x)EGaNg (T) − bx(1 − x) (6)

where b = 1.43 is the band gap bowing parameter.
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Table  1
The forbidden band energy and the Varshni parameters (� and �) of GaN and InN
materials.

Parameter GaN InN
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Eg (eV) 3.4 0.71
˛(meVK−1) 0.593 0.245

 ̌ (K) 600 625

While the forbidden energy gap generally depends on several
hysical factors such as temperature, it is necessary to mention its
volution as a function of temperature, which can be expressed by
he Varshini formula [26]:

g (T) = Eg (0) − ˛T2

T + ˇ
(7)

here � and � are the coefficients of temperature given in Table 1.
We use the finite difference method to solve the Schrödinger

quation in order to calculate the energy levels in the QD InN/InGaN
for more details on the used method to solve the Schrödinger
quation in the present paper, see ref [23]).

To illustrate the impact ionization effect on the p-n and p-i-n
unction solar cell, we  assume that the high energy of the inci-
ent photons of sunlight is given by E > �Eg for � > 2 where �

s a parameter that depends on the type of the selected material. In
he approximation of the effective mass, the value of � is given by
he following equation [14]:

 = 1 + 2 m∗
e + m∗

h

m∗
e + m∗

h

. (8)

sing the Eq. (2) of the effective mass of charge carriers in Eq. (8),
xpression of the parameter � is given by:

(T, x) = 1 + 2 m∗
e (T, x) + m∗

h (T, x)
m∗
e (T, x) + m∗

h (T, x)
. (9)

The average number of photons’ occupancy provided by a ther-
al  source can be expressed as [14]:

f (y) = (exp (y) −  1)−1 (10)

here y = E
kTS

with k is the Boltzmann constant and TS = 6000K
s the thermal source. The flux of the incident photons from the
unlight is given by [14]:

(y)d (y) =
[

2� (kTs)
3

h3c2

]
y2d (y) (11)

here k, h and c are the constant of Boltzmann, Plank constant and
he speed of light in vacuum, respectively.

Taking into account the effect of impact ionization in a p-n junc-
ion, the thermodynamic efficiency Shokley-Queisser (S-Q) can be
ritten as [14]:

 =
(
yg
D

){∫ +∞

yg

f (y) g (y)dy + P

∫ +∞

�yg

f (y) g (y)dy

}
(12)

here P is the average probability of the impact ionization occurs,
.e. probability that a charge carrier is generated following an
mpact ionization, and D represents the energy flow in the case
f a maximum concentration of the sun on the material. Note that

 is defined by Ref. 18:

 =
∫ ∞

0

yf (y) g (y)dy. (13)
Its normal value is given by:

 = (2�)5E3

15h3c2y3
. (14)
Fig. 3. Efficiency as a function of the band gap energy for different values of param-
eter of the selected material �bulk .

The thermodynamic efficiency of the IBSCs is determined from
the following expression [18]:

� =
(
yg
D

){∫ +∞

yg

f (y) g (y)dy + P

∫ +∞

�yg

f (y) g (y)d(y)

+
∫ yg

yh

f (y) g (y)d(y) +
∫ yh

yl

f (y) g (y)d(y)

+ P

∫ yg

�yl

f (y) g (y)d(y)

}
(15)

where yg = Eg
kTS

, yh = EH
kTS

and yl = EL
kTS

are defined.

3. Results and discussion

In this section, after providing a brief description of the theo-
retical model for calculating the effects of impact ionization on the
performance of the single-junction solar cell and the QD-IBSC solar
cell based on QDs, we  present and interpret the different obtained
results. Then, we study the effects of temperature and indium con-
centration on the energy conversion efficiency of solar cells such as
p(InGaN)-n(InGaN) and p-(InGaN)-i(InN)-n(InGaN) junction. In our
calculations, we have assumed that cell thickness is large enough
that all photons below the absorption threshold are absorbed, the
IB is half filled with electrons, and the concentration of light solar
is maximal.

First, we  study the efficiency of p-n junction solar cells and show
their variations with the energy band gap and the parameter � of
the selected material in the presence of the impact ionization pro-
cess. In Fig. 3, we  show the efficiency of the p-n junction versus the
bandgap for different selected material parameter value �bulk. In
this figure, it can be seen that the efficiency is slightly decreased
by increasing the values of the parameter �bulk. A larger �bulk rep-
resents a larger effective mass of the charge carriers, a decrease
in transition numbers in the efficient materials, and a decrease in
the number of ionization transitions per impact. As a result, larger
values of �bulk are equal to lower values of P and reduced effi-
ciency of the cell [27]. These results show that higher efficiency can
be obtained by using the best materials that have an appropriate
electronic mass and an effective mass.

In fact, larger �bulk represents the large masses of load carriers
that are related to inappropriate hardware for SC and IBSC applica-

tions. For large effective mass values, the capacity of transporters
for passage and transfer is reduced and causes non-radiative
recombination and reduced efficiency [28]. Since the material type
parameter strongly depends on the effective mass of the charge
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Fig. 4. Variation of the effective mass of electrons and heavy holes as a function of
In  concentration.
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Fig. 6. The parameter �bulk(InGaN) of material type as a function of the In composi-
tion for T = 300 K.
ig. 5. The parameter �bulk(InGaN) of material type as a function of the In composi-
ion for T = 300 K.

arriers, we have shown in Fig. 4 the variation of the effective mass
f electrons and heavy holes with the indium composition. From
he figure we can see that the increase of the indium composition
auses a significant reduction in the effective mass of charge car-
iers. At the same time, this sharp decrease in the effective mass
f electrons and the heavy holes increases the electron mobility.
owever, it is important to take into account this variation in the
alculation of energy conversion efficiencies of p-n and p-i-n junc-
ion solar cells.

In Fig. 5, we represent the variation of the parameter � of bulk
aterial as a function of the composition of In and as a function

f energy gap of InGaN for a temperature in the order of 300 K.
n the one hand, this figure shows that for a fixed temperature
t T = 300 K, the parameter �bulk(InGaN)  of bulk material declines
ith the concentration of In.  This is due to the reduction of effec-

ive electron masses and holes with the In concentration (see Fig. 4).
n the other hand, the �bulk(InGaN) parameter increases with the

ncrease in InGaN gap energy. Indeed, the large values of the param-
ter �bulk(InGaN)  correspond to the large effective masses of charge
arriers with the energy gap of InGaN.  They produce a decrease in
he number of impact ionization transition and reduce efficiency.
rom the figure we note that �bulk(InGaN) strongly depends on the
ap of the material and the doping concentration.

Figure 6 shows the evolution of the parameter �bulk(InGaN) with
he temperature for an indium concentration of the order of 40%.

he numbers clearly show that the temperature has only a minor
ffect on the ionization impact parameter of InGaN material. From
igs. 5 and 6 we noted that the parameter �bulk(InGaN) is affected by
he composition of In and the temperature. Therefore, such prop-
Fig. 7. Efficiency as a function of the forbidden band of energy for a fixed value of
parameter of the selected material �bulk(InGaN) when one takes into account the
variation of �bulk(InGaN) with the concentration of In.

erties contribute to an overall improvement in efficiency by tuning
the optimized parameter �bulk(InGaN) of the selected material and
improving the number of photons absorbed by the impact ioniza-
tion process.

We  have shown in Fig. 7 the energy conversion efficiency of a
single p-n junction solar cell based on InGaN material versus Eg
for a fixed temperature T = 300 K. In particular, the conversion effi-
ciency are presented for two  cases: (i) in the first case we fixed
the parameter of selection of the material �bulk(InGaN), (ii) in the
second case we  took into account the variation of parameter of
selection of the material when the composition of In and InGaN gap
varies. We  noted that the conversion efficiency is more affected
when taking into account the effect of the composition of In on the
parameter �bulk(InGaN). It would be interesting to take into account
the effect of the indium content on �bulk(InGaN) in order to get an
idea of the maximum efficiency of solar cells in presence of the
ionization impact process.

On the other hand, Figure 8 gives the variation of the energy
conversion efficiency for a p(InGaN)-n(InGaN) junction as a func-
tion of Eg for the probability of impact ionization P = 0.5 and for
different temperature T=(200,300,400 K). As it can be easily seen,
the energy conversion efficiency is reduced with the host tempera-
tures. Then, the temperature variation affects these parameters and
consequently, the performance of the solar cells. The reason for this

is that photo-generated transporters with lower energy materials
have a higher probability of recombination when the temperature
becomes higher [29]. Several studies have pointed out that the
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Fig. 8. The efficiency of p-n junction as a function of the bandgap energy for three
different values of temperature T= (200,300,400 K).
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Fig. 10. The parameter �QD(InN) of material type as a function of In concentration
for T = 300 K.
ig. 9. Efficiency of a QD-IBSC as a function of In composition for three different
arameter values of the selected material of QD �QD .

erformance of solar cells reduced with increasing temperature
30,31].

In Fig. 9 we present the variation of the QD-InN / InGaN QD-
BSC efficiency as a function of the indium composition for different
alues of the QD material type parameter �QD and with a proba-
ility P = 0.5 of the impact ionization. It is clear that the efficiency
ecreases when the parameter �QD increases. This is due to the

arge effective masses of the charge carriers. In addition, it is clearly
emonstrated that the variation of �QD has an influence on the per-
ormance of the QD-IBSC. This representation clearly demonstrates
he parameter type effect of the material chosen for QD. For fur-
her improvements in photovoltaic performance enhanced by the
mpact ionization process, a deeper understanding of the physical
arameters on impact ionization processes is needed. For this pur-
ose, we are interested in taking into consideration the effect of
emperature and degree of substitution on energy conversion effi-
iency for QD-IBSC in the presence of the impact ionization process.

To study the impact of indium composition and temperature
n the performance of InN-based QD-IBSC intermediate-band solar
ells as a QD and InGaN as a barrier, first of all, we determine the
ffect of these parameters on the evolution of the material selec-
ion parameter for the InN QDs. In Fig. 10, we  show the variation
f the parameter of material type for the QD �QD(InN) as a func-
ion of temperature. As it can be seen in this figure, the �QD (InN)
ecreases with increasing temperature. Indeed, we observe that the

emperature has a minor effect on the parameter �QD(InN).

We analyze the effect of indium concentration on conversion
fficiency for p-(InGaN)-i(QD-InN)-n(InGaN) junction solar cells in
Fig. 11. Efficiency versus In content for six different values of the ionization impact
probability P.

the presence of impact ionization processes. For this purpose, we
plot in Fig. 11 the efficiency against the content of indium for
T = 300 K and a quantum dot radius of the order of R = 2 nm and for
different values of impact probability ionization P. We  observe that
the conversion efficiency is improved by increasing the probabil-
ity of ionization by impact. As it can be seen, without the impact
ionization process (P = 0),  there will be a yield of approximately
� = 48.3%. In the presence of the impact ionization effect (P = 1),  the
energy conversion efficiency reaches a maximum value of � = 75.3%
using Eq. 15. Thus, it is clear that the influence of impact ioniza-
tion process on efficiency becomes more important for the lower
gap energies. We  also observed a maximum offset of the parabola
with the increasing probability of ionization by impact. Indeed, this
is due to the low parameter values �bulk(InGaN) obtained for the
large concentrations of In.  In addition, by reducing the bandgap
using more indium concentration, more photons were absorbed by
InGaN, which led to an increase of �.

The schematic representation of the efficiency of an interme-
diate band solar cell p (InGaN)-i(QD-InN)-n (InGaN) are presented
for R = 2 nm,  for three values of the temperature T = (200, 300, 400 K)
and for a probability of impact ionization P = 0.5.  The purpose of this
figure is to understand the effect of temperature on the conversion
efficiency shown in Fig. 12. In the presence of impact ionization
processes, the efficiency of the conversion of Q-IBSC solar cell p

(InGaN)-i(QD-InN)-n (InGaN) decreases with increasing tempera-
ture. This is believed to be due to the low QD energy barrier and
recombination effects in QD-IBSCs. It can also be concluded that
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Fig. 12. Efficiency as a function of the In content for three different values of tem-
perature.
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on  the performance of p-i-n InGaN single homojunction solar cells, J. Appl.
Fig. 13. Efficiency as a function of type material parameter of barrier.

he effects of low temperatures can improve the efficiency of the
ell.

In the last part, we consider the impact ionization process P = 0.5.
igure 13 shows the variation of the efficiency of an InN/InGaN
ntermediate band solar cell as a function of material type parame-
er of barrier �bulk(InGaN) for R = 2 nm,  T = 300 K and �QD = 2.0157.
n fact, we varied the indium composition while � and �bulk vary

ith the latter and we traced the pace of � as a function of �bulk
o determine the optimal parameter for maximum efficiency. For

 = 0.5,  we obtained a maximum efficiency of about 63.63% for the
ollowing optimal physical parameter: x = 0.65, T = 300 K, R = 2 nm
nd �bulk(InGaN) = 2.073.

. Conclusions

In this work, impact ionization processes, energy conversion
fficiency of conventional solar cells (p(InxGa1−xN)-n(InxGa1−xN))
nd efficiency of QDs-IBSC intermediate band (p(InxGa1−xN)-i(QDs-
nN)-n(InxGa1−xN)) solar cells were investigated. The calculation

as discussed in the context of the effective mass approximation.
n this paper, importance of perturbations such as indium compo-
ition and temperature, effect of In content and temperature on
he impact ionization process coefficient of the selected material

 for the bulk InGaN substrate and InN quantum dot, energy con-

ersion efficiency of solar cells p-n and p-i-n were studied. Taking
nto account the impact ionization process, the conversion effi-
iency of the p-n and p-i-n junction will be investigated. Our results
emonstrated that the energy conversion efficiency of InGaN-based

[

-Electronics Review 27 (2019) 25–31

solar cells is strongly affected by indium concentration and poorly
affected by temperature. In addition, the simulations show that
temperature and high concentration of indium lead to a reduc-
tion of parameter of the selected material type. Furthermore, the
latter performs a significant improvement in the energy conver-
sion efficiency. Moreover, our calculations demonstrate that, in the
presence of an impact ionization process, the efficiency of p-n and
p-i-n junction solar cells is effectively improved for high doping
concentrations of the In and low temperatures. These results show
that InGaN proves to be a promising candidate for the realization
of p-n and p-i-n junction solar cells.
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