Journal of New Technology and Materials (JNTM)
J. New Technol. Mater.
Vol. 08, N°01 (2018)102-109

OEB Univ. Publish. Co.

Predicted theoretical efficiency for new intermediate band solar cells
(IBSC) based on GaAs:Nx

A. Boumesjed, H. Mazari, K. Ameur, N. Benseddik, Z. Benamara and N. Benyahya

Laboratory of Applied Micro Electronics, Department of Electronics,
University Djillali Liabes of Sidi Bel Abbes, 22000 Sidi Bel Abbes, Algeria

Corresponding authors: aichaboumesjed@yahoo.fr, h_mazari2005@yahoo.fr

Received date: Jan. 20, 2018; accepted date: June 05, 2018

Abstract

Intermediate band solar cells are one type of third generation photovoltaic devices. Indeed, the increase in the power
conversion efficiency is achieved through the absorption of low energy photons while preserving a large band gap that
determines the open circutt voltage. The ability to absorb photons from different parts of the solar spectrum originates from
the presence of an intermediate energy band located within the band gap of the material. This intermediate band, acting as a
stepping stone allows the absorption of low energy photons to transfer electrons from the valence band to the conduction

band by a sequential two photons absorption process.

In This work, a numerical simulation s performed using Analysis of Microelectronic and Photonic Structure (AMPS)
simulator to explore the possibility of higher efficiency of intermediate band solar cell (IBSC) based on GaAs..N. material
(x=0.04). The doping density and layer thickness are investigated for optimized the performance of solar cell under solar
tlumination of AM1.5G. An 24.94% efficiency 1s determined for this new structure IBSC (GaAs$isNuw).
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1. Introduction

The intermediate band solar cell (IBSC) presents a
somewhat simpler single-junction device alternative to
multijunction devices, where the presence of an
mtermediate band between the conduction and valence
bands allows electrons to be promoted either directly to
the conduction band via a single high-energy photon, or via
the intermediate band with two low-energy photons [1]. As
only the populations of two lower energy transitions
(valence band to IB and IB to conduction band) have to
satisfy equality, the current-matching constraint, by
comparison to multi-junction devices, is partially relaxed.

The key requirement for an IBSC is that the IB 1s
1solated from the charge collecting contacts assuring that
the operational voltage 1s determined by the largest band
gap. It can also capture the solar energy from low-energy
photons. The theoretical efficiency of an ideal IBSC
device 1s predicted to approach 45% and 63% under 1 sun
and maximum sunlight concentration, respectively [1].

In a conventional illuminated solar cell, the carrier
populations in the conduction band (CB) and valence
band (VB) can be considered to be in quasi-thermal
equilibrium, meaning that thermal equilibrium exists
imdependently within the electron population in the CB
and hole population in the VB [2] but not between the two
bands since an electrochemical potential difference now
separates the electrons in the CB and VB giving rise to the
voltage of the solar cell. In an IBSC, the voltage
preservation arises from establishing a third population of

carriers in the quasi-thermal IB. The occupancy of all
three bands can be described using a Fermi energy,
establishing three electrochemical potential differences piss
as shown in figure 1 such that w = ptus. Since electrical
contacts are made only to the CB and VB, the overall
voltage of the solar cell is given by w. A limiting efficiency
of 63.1% is obtained for the IBSC under the assumption
of full concentration and a 6000K blackbody
approximation to sunlight [l1]. The correspondence
between the fundamental host bandgap and the
itermediate bandgap 1s also shown. It 1s clear that
relatively wide bandgap host materials are required for
efficient operation of an IBSC. Higher efficiencies up to
65.1% and marginally different optimal threshold energies
are found when considering terrestrial  solar
spectrum [3]. The IBSC concept shown in figure 1
represents the optimal configuration under maximum
solar concentration.
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Figure 1. Schematic diagram showing the basic transitions in an

IBSC [4].



Predicted theoretical efficiency for new intermediate band solar cells...

INTM(2018) A. Boumesjed et al.

2. Description of simulated solar cell

One-dimensional AMPS numerical simulation of IBSC
based on the GaAsisNoo 1s used in this work. This code 1s
a powerful tool to build a reasonable physical model to test
the viability and numerical simulations can help to predict
any changes in cell performance resulting from the
modified reasonable parameters [5].

In this work, simulations were all performed under
AML1.5 illumination and a temperature of 300K. The
studied structure is shown in figure 2.

AM1.5
Solar Spectrum

p-GaAsixNow graded alloy
n-GaAs base layer

n-GaAs substrate

Figure 2. IBSC based on GaAs.sNoo.

3. Results and discussion

The optimizations of the output quantities (short-circuit
current, open-circuit voltage, and conversion efficiency)
will depend on the technological parameters concerning
the emitter and graded alloy layer and the base in IBSC, in
particular thickness and doping.

The choice of the GaAswNou (x = 0.04) composition
for the graduated alloy is justified by the fact that currently
the growth of GaAsN with low nitrogen
concentration (experimental study) is controlled [6-8].

layers

Practically, it 1s very difficult to achieve x greater than 49%
without significant degradation of material quality [9]. Also,
the optical parameters of this material (x = 0.04) such as:
the refractive index and extinction coefficient are available
in the work of A. Biswas and al [10].

The material used for our simulation consists of
GaAsoNoo which has band gap energy of 1.33 eV, this
value extracted from the experimental curve of the work of
Ribeiro and al [11].

The electron or hole mobility 1s given by the following
expression [12]:

1 _ 1=
u(AB1_xCx)  p(AB)

X
u(AC)

x.(1-x)
Cu(AB1_xCy)

(1)

u(AB) and u(AC) are the electron or hole mobility of
binary AB and AC, respectively, and u(AB{_,C,) 1is the
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alloy electron or hole mobility. Generally, the bowing of
mobility €, is very great for III-V-N materials [12], so the
last term of equation (1) tends to zero.

The absorption coefficient o is calculated from [13]:

4nK
= 1t @
Yl
Where 4 1s the wavelength and K, 1s the extinction
coefficient 1s as a function of the wavelength extracted

from the curve of A. Biswas and al work [10].

The absorption coefficient values as a function of the
wavelength for GaAs are given by [14].

In the following, the values for other parameters of
GaAsN, for x = 0.04 shown in the table 1, were linearly
mterpolated in between the GaAs and GaN binaries.

Table 1 shows the physical parameters of GaAs, GaN,
and GaAsisNoo used 1n simulation.

Table 1. Specific physical parameters of GaAs, GaN,
and GaAsusNoo.

Materials GaAs GaN GaAsowNoo
(ZB) (ZB)
Physical parameters
Band gap energy, 1.42 3.3 1.33
LgleV] [15] [18]
Electron affinity, 4.07 4.1 4.07
7leV] [15] [19]
Effective density of states | 4.33x107 | 1.2x10" | 4.66x10"
in the conduction band, [16] [19]
Nelem?|
Effective density of states | 1.28x10" | 4.1x10" | 1.89x10"
in the valence band, [16] [19]
N. [em?]
Electron mobility, 8500 1000 6538.46
1 [em® V'.s'] [15] [20]
Hole mobility, 400 350 397.72
L lem”. V'.s'] [15] [21]
Relative permittivity, 12.5 9.7 12.38
& [17] [19]

8.1. Effect of the technological parameters of the emitter
layer p-GaAs

8.1.1. Eftect of the doping of the emitter layer (p'-GaAs)

Figure 3 shows the variation of the photovoltaic
parameters as a function of the doping of the emitter layer
(p-GaAs). In this case, we set the parameters of IBSC
based on GaAs.«Nou such as the thickness of emitter layer
(p-GaAs) and base layer (n-GaAs) of 80 nm and 2 um,
respectively. The doping of base layer (n-GaAs) and layer
p-GaAsuuNous graded alloy are 1x10° cm® and 1x10“cm’”,
respectively. The thickness of layer p-GaAs.sNoo graded
alloy 1s 100 nm.
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Figure 3.Variation of the photovoltaic parameters as a function of
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‘We observe from figure 3 that the photocurrent Ic, the
open-circuit voltage Vie and the efficiency n increase with
the doping of the emitter layer.

The best conversion efficiency (n = 20.05%) is obtained
for a doping of emitter layer = 5x10"cm,

3.1.2. Ellect of thickness of the emitter layer (p-GaAs)

Figure 4 shows the variation of the photovoltaic
parameters as a function of the thickness of the emitter
layer p-GaAs. In this case, we set the parameters of IBSC
based on GaAs.sNoo such as the thickness of base layer n-
GaAs and p-GaAs.sNow graded alloy of 2 ym and 100 nm,
respectively. The doping of emitter layer p-GaAs and base
layer n-GaAs are 5x10" ecm™ and 1x10"cm”, respectively.
The doping o flayer p-GaAsisNoo
1x10°cm™.

We observe from figure 4, that the photocurrent Iec

graded alloy 1s

and the efficiency n decrease as the thickness of the
emitter increases. The open-circuit voltage Vi 1s almost
For the
photogenerated minority carriers easily reach the depletion
region the total
photocurrent. But if the thickness of the emitter increases,

constant. small thicknesses of the emitter

and can therefore contribute to
these photocarriers recombine before reaching this zone
and the photocurrent decreases.

The best conversion efficiency (n = 22.97%) 1s obtained

for a thickness of emitter layer = 15 nm.

3.2, Effect of the technological parameters of the layer p-
GaAswNow graded alloy

8.2.1. Eftect of doping of the layer p-GaAs.sNo graded
alloy

Figure 5 shows the vanation of the photovoltaic
parameters as a function of the doping of the p-GaAsosNoo
graded alloy. In this case, we set the parameters of IBSC
based on GaAs.xNoow such as the thickness of emitter layer
(p-GaAs) and base layer (n-GaAs) of 15 nm and 2 um,
respectively. The doping of emitter layer (p-GaAs) and
(n-GaAs) are 5x10" cm® and 1x10° cm’,

respectively. The thickness of layer p-GaAs.o N graded

base layer

alloy 1s 2 um.

We observe from figure 5 that the photocurrent I and
the efficiency n decrease as the doping of the p-GaAssNoo
graded alloy increases. The open-circuit voltage Vi 1s
almost constant.

The best conversion efficiency (n = 24.94%) 1s obtained
for a doping of p-GaAs.«Nu.: graded alloy = 1x10™cm’.
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Figure 4. Variation of the photovoltaic parameters as a function

Thickness of the emitter layer (P"_GaAs) (nm)
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of the thickness of the emitter layer (p-GaAs).

(a)- Photocurrent I, (b)- Open-circuit voltage Vi,

(c)- Conversion efficiency n.
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Figure 5. Variation of the photovoltaic parameters as a function
of the doping of the p-GaAs.sNon graded alloy.
(a)- Photocurrent I, (b)- Open-circuit voltage Vi,

(c)- Conversion efficiency n.
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3.2.2. Eflect of thickness of the layer p-GaAsi.wNu graded
alloy 35
34

Figure 6 shows the varation of the photovoltaic 33+
parameters as a function of the thickness of the layer 324
p-GaAswxNoo graded alloy. In this case, we set the < 314
parameters of IBSC based on GaAswsNow such as the 2 304 /./‘
thickness of emitter layer p-GaAs and base layer n-GaAs % 29 ] _—
of 15 nm and 2 pm, respectively. The doping of emitter S L] —
layer p-GaAs and base layer n-GaAs are 5x10"” cm™ and 7
1x10" em™. The doping of layer p-GaAs.Noo graded alloy 26 ]
1s 110" cm”.

We observe from figure 6 that the photocurrent Iec and % 0 500 1000 1500 2000
the efficiency n increase with the thickness of the layer Thickness of the layer (P_GaAs, N, ,, graded alloy) (nm)
p-GaAswNow graded alloy. The open-circuit voltage Ve @
remains constant.

The best conversion efficiency (n = 24.94%) 1s obtained 20
for a thickness of p-GaAswNoo graded alloy = 2 pm. '

3.8, Effect of technological parameters of the base layer 1,5
n-GaAs
i i . S 1,0
3.8.1. Effect of the base doping (n-GaAs) P 4 4 4 4 4
s

Figure 7 shows the varnation of the photovoltaic 0,51
parameters as a function of the doping of the base layer
(n-GaAs). In this case, we set the parameters of IBSC 0.0-
based on GaAsuwsNoosuch as the thickness of emitter layer : : : : :
(p'-G'dAs) and base la?’er (n-GdAs) of 15 nm and 2 i, Thickr?ess ofths(ljgyer (P_(lz‘c;%s N lgsgcr)gded allfggo(nm)
respectively. The doping of emitter layer (p-GaAs) and by
layer p-GaAswNo graded alloy are 5x10" cm”® and
1x10" cm®, respectively. The thickness of layer
p-GaAsixNoo graded alloy 1s 2 pm. 29

We note from figure 7 a no variation is observed at the 28]
change in the doping of the base layer. ”

3.3.2. Effect of thickness of the base layer (n-GaAs) 26
25 - R

Figure 8 shows the variation of the photovoltaic £ 24] /-/

parameters as a function of the thickness of the base layer. 23 ] w— *

In this case, we set the parameters of IBSC based on

GaAswNoa such as the thickness of emitter layer p-GaAs 221

and layer p-GaAs.sNon graded alloy of 15 nm and 2 pm, 214

respectively. The doping of emitter layer p-GaAs and base 20 ; ; ; ; ;

layer n-GaAs are 5x10” cm”and 1x10"“cm™. The doping of Thickoness of thsg(l)ayer (P_lcgoa(,)f\soQGNU;5 goradEd alzlgifo) (nm)
layer p-GaAsisNooigraded alloy is 1x10"cm”. ©
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Figure 6.

Variation of the photovoltaic parameters as a function

of the thickness of the p-GaAs.sNou graded alloy.
(a)- Photocurrent e, (b)-Open-circuit voltage Vi,

(c)- Conversion efficiency n.
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‘We observe from figure 8 that the photocurrent Icc and
the efficiency n are almost constant, the open-circuit
voltage Vicremains constant.

We observed that the IBSC based on GaAsesNoo gives
high conversion efficiency that, when we choose the
optimization we have done for the necessary parameters to
the simulation.

We can summarize the optimized parameters for this
structure in the following table.

Table 2. Optimized parameters of IBSC GaAs.uNo.

Parameters Values
Doping of the emitter layer (p-GaAs) (cm”) 5x10"
Thickness of the emitter layer (nm) 15
Doping of the p-GaAs.Nou graded alloy (cm”) 1x10"
Thickness of the layer p-GaAs.Nou graded alloy (um) 9
Doping of the base layer (cm”) 1x10"
Thickness of the base layer (um) 2

The simulated J-V curve of the optimized cell is shown
in figure 9. We observe that the output final characteristics
are satisfactory with Jsc = 30.31 mA/cm’, Voc = 0.93 V and
N = 24.94%.
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Figure 9. J-V characteristics for the optimized solar cell.

4. Conclusion

The work presented in this paper concerns the study of
mtermediate band solar cell IBSC based on the
GaAswsNon. The main objective is to optimize the
electrical characteristic of the proposed photovoltaic cell
and subsequently its output parameters.

The device design studied here appears as promising,
the key parameters success of this approach are:

- It is necessary to minimize the thickness of the base
(p'GaAs) and to increase doping.
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- It is necessary to increase the thickness of the layer
(Intermediate band) p-GaAs.sNow graded alloy and
decrease the doping.
Finally, we obtained a maximum conversion efficiency
of 24.949% 1in this preliminary study for IBSC based on
GaAsosNoo.
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