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Abstract

This paper focuses on the simulation and optimization of electrical and structural properties of
high efficiency InGaP/InGaAs/Ge triple junction solar cells that incorporate Ing7Gag3As
quantum dots with in the GaAs middle cell material. Current density-voltage (J-V), external
quantum efficiency (EQE) and capacitance-voltage (C-V) characteristics have been simulated
and discussed. Results show that 30 pairs of Ino70Gao30As (QD)/GaAs (barrier) in the middle
cell provide a relative enhancement of 13 % in EQE in the 900-1000 nm wavelength range.
This leads to a short-circuit current of 20 mA/cm?, an open circuit voltage of 2.3 V, a fill
factor of 81.73 %, and a conversion efficiency of 39.03 %. The C-V revealed that a relatively
high number of interfacial states are present in the 3-J cell structure including the QD layers,
which decreases the open circuit voltage. In this study we benefited 18% of relative

efficiency.
Keywords: New Materials; Quantum Dot; Solar Cell; Optoelectonic.

1. INTRODUCTION

Several researchers in the photovoltaic field aim to find materials and advanced reliable
technologies to produce high efficiency, low-cost solar cells [1,2,3]. Others use nanostructures

like nanowires to increase the cell solar absorption coefficient [4,5].
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Among the numerous technologies used to improve the conversion efficiency of solar cells,
the multi-junction (M-J) concept, especially the triple-junction (3-J) concept based on InGaP,
GaAs and Ge materials exhibit high efficiencies [6]. Nevertheless, their performance is
somehow restricted due to current limitation of the GaAs middle cell and lattice mismatch of
Ge substrate. Many approaches have been proposed to overcome those limitations and
enhance the conversion efficiency of the 3-J configurations. The first approach consists in
inserting a fourth subcell with a bandgap energy about 1 eV in order to absorb the photons
which have a bandgap energy between 1.42 eV (GaAs) and 0.67 eV (Ge). InGaAsN is then a
good candidate thanks to its lattice matched to Ge substrate and to its tunable bandgap energy.
Theoretical calculations have indicated that such structures provide a conversion efficiency of
about 47.7 % [7, 8]. The second approach consists of inserting an intermediate band in the 3-J
structure [9]. Aim is then to improve the spectral response of the solar cell in the energy
region below the absorption edge of host material. Luque et al have been the first who
proposed to insert multiple layers of InAs quantum dots (QDs) in GaAs subcell as an
intermediate band [9]. Currently, two material systems are being studied: InGaAs/GaAs
quantum wells (QWs) [10-12] and InAs/InGaAs QD materials [13-18]. Otherwise, the growth
of multiple layers of QD and QW is a technological challenge. Quantum dots have several
applications in different fields such as microelectronics, quantum processing, and
optoelectronic devices [19].

The accumulation of stress during epitaxial growth tends to generate dislocations and
defects affecting the crystalline quality of the layers and resulting in a lack of uniformity [20].
To overcome those problems, the growth of strain compensation layers using the indium flash
techniques have been demonstrated [21,22].

In this study, InGaP/InGaAs/Ge 3-J cell structure without and with Ing70Gao30As (QD)/GaAs

(barrier) periods in the InGaAs middle cell is modeled, simulated and optimized. In order to



increase the electrons carrier’s confinement in the quantum dots, we fixed the concentration
indium y=70% with a bandgap E; = 0.54eV. So, we got an electron confinement rate around
88%. Our objective is to insert the maximum of quantum dots to carry out intermediate bands
energy in order to absorb the photons which have an energy lower than the bandgap
(Ephoton< Eg). Already the efficiency of the 3-J structure increases considerably compared to a
single solar cell. The creation of intermediate energy bands causes a more significant increase

than a 3-J solar cell.

2. THEORETICAL MODEL

The following section describes the physical models and empirical equations that have been
used for this simulation. The current supplied by a Quantum Dot Solar Cell is the sum of the
photocurrents issued in both the bulk and QDs regions. To calculate this current, Poisson and
Schrodinger equations are numerically coupled and solved as detailed in ref. [23,24]. Details
on the variation of mobility with carrier concentration that is described by Masetti model and
on the SRH recombination model that uses concentration dependent lifetimes are given in ref.
[25]. We note here that we have neglected the radiative recombination since our simulations
are done for room temperature [26].

The self-consistent 1D coupled Schrodinger Poisson model for electrons and holes express

then respectively by the following equations [ 27]:
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where Ec (z) and En (z) are the conduction and valence band edge, respectively, and me* and
mp* the electron and hole effective mass, respectively. i, Ene , Enn are the wavefunction and

energy level of subband.



The EQE of p and n-regions of the top and bottom subcells is classically evaluated by
solving the carrier transport equations described by drift-diffusion model presented in ref.
[24,28].

The EQE of the photogenerated carriers in the middle subcell which contains the QDs

periods is calculated by [ 28-30].
EQE(D) = (1 - RW)[1 — exp —(asL + Nygpayp)]-exp(—Xta;z), n=1,2,3.. (3)
aaD (E) = 6. [Zm,n aen—hhm (E) + Zm,n aen—lhm (E)]
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In this structure we took into account the antireflection layer, emitting layer and the space
charge region of the emitting layer. The second exponential factor present the light
attenuation in the layers between the cell surface and the depletion layer [29]. The parameters
ai and z; are the absorption coefficient and the width of these precedent layers, respectively,
ag is the absorption coefficient of the bulk barrier material. L is the length of intrinsic region,
aop is the dimension less quantum dot absorption coefficient, used for energies below the
barrier bandgap, Ngp is the quantum dots number.

R(}) is the surface reflectivity that have been set to a constant value of 0.1, @ep_pp,, and
®en—in,, are the absorption coefficients due to electron-heavy hole and electron-light hole
valence to conduction band, respectively, § is the quantum thickness of the heterostructure
[29, 30]. The absorption coefficient for the transitions between electron heavy hole and light

hole minibands as a function of their widths, yp, ;, and y, [31,32]
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where (f|c.p|i) is the matrix element between the initial i and the final f states.



f is the frequency.

n; is the relative refraction index of heterostructure.

c is a unit vector in the propagation direction.

p is a differential operator.

me is the effective mass of electron

mph,1n are the effective mass of heavy hole and light hole.
€0 1s the vacuum dielectric constant.

Yhnin 1s the width of the heavy hole and light hole band.
c is the speed of light in a vacuum.

ds1 is the cluster width.

To calculate the absorption coefficient of the direct bandgap materials constituting the 3-J cell,

the Urbach equation was used [33].

a(d) = 0(0\/1'/1ﬁ —E4(x,T)

©)
where ap is the optical wave energy function constant of a semiconductor. A is the wavelength.
The bandgap energy of the materials is determined by the following expression:
Einecati-x)as = XEg mas + (1 = x)Eg gaas — bx(1 — x)
Emmca-y)p = YEgmp + (1 = ¥)Eggap — cy(1 — )
(10)
With b, ¢ are the Bowing parameters.

The parameters of the relative permittivity are given par the following equation:

& In(x)Ga(1-x)As — X+ Er nas T x(1 - x)gr Gaas T dx(1—x)

& = (11)
Er mm(y)Ga(1-y)P = Y- ErInas + y(l - y)gr caas + ey(1—y)

Where d, e are the Bowing parameters.

The parameters used in this study are listed in Table I [34,35].

The photocurrent density Jpn is determined from the convoluted incident spectrum with the

external quantum efficiency of the cell. The carrier transport equations have been solved



within minority carrier diffusion and depletion approximations at T=300K, [36,29] to
determine the effect of p and n-doped regions on external quantum efficiency by taking into
account the absorption of excitons in order to have an exact correspondence with experiment
in the long wavelength region [37]. The exciton binding energies have been analytically
determined within the framework of fractional-dimensional space [37]. When the total EQE is

obtained the photocurrent density can be calculated by integration [29]:

Jon = 4 [, EQE(D). ¢(1)dA
(12)

where A; is initial wavelength and Aris the final wavelength of the solar spectrum, ¢(A) is

spectral solar irradiance AM1.5.
The capacitance as function of the forward voltage is calculated using the following equation:

1
- 2nfvV -]ph

(13)
With £ is the frequency of the forward voltage applied; V is the forward voltage applied.

In order to examine the recombination in the 3-J solar cell with and without the QD layers, the

capacitance was estimated using the following equation [25].

1 2 K,T
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where

Vyiis the built-in potential.

Vhias 1S the bias voltage.

A is the junction area.

€0, €rare the vacuum and relative permittivity, respectively.

N is the activated dopant density in the semiconductor.



T is the temperature.
Ks is the Boltzmann’s constant.

q is the electron charge.

2. RESULTS AND DISCUSSION
Fig.1 presents a schematic diagram of InGaP/InGaAs/Ge 3-J structure comprising an InGaP
top cell, GalnAs middle cell, and a Ge bottom cell. In Fig.2 (a,b) a number of quantum dots
Ino.70Gao30As (QD)/GaAs (barrier) layer are implanted in the intrinsic region of InGaAs
middle cell with a dot size of d=5 nm and L=10 nm . Table II summarizes the parameters of
each layer of InGaP/InGaAs/Ge 3-J [7].
First, we investigated a triple junction solar cell based on InGaP/InGaAs/Ge. Fig.3 shows the
evolution of the current density as a function of the voltage of a multi-junction solar cell
based on three InyGaj.yP/InxGai-xAs/Ge semiconductors. In this study, we have optimized the
structure Ino.c0Gao.40P/Ing.17Gao.s3As/Ge. For a concentration of indium x=17% in the InGaAs
structure, the energy of the band gap is Eg = 1.132eV. For the InGaP structure, the indium
concentration is y = 60% with a bandgap energy Eg = 1.738eV.
It is noted that the open circuit voltage V. of the total cell achieved 2.35V and the density of
the current Jsc does not exceed the 15.30 mA/cm? value. The open circuit voltage of the total
cell is equal to the sum of the three voltages of each single solar cell. On the other hand, the
current density tends towards that of the solar cell which has the low current density. Fig .4
illustrates the variation of the power density of each single cell and the total cell as a function
of the voltage. Note that the power density of the total solar cell is important. It reaches the
value of 31.84mW/cm?, this increase has a positive effect on the total efficiency.
Secondly, we have chosen an AM1.5G solar spectrum illumination and a cell temperature of
T=300 K. We start the simulation of the InGaP/InGaAs/Ge 3-J solar cell structure for different

numbers of QDs layers inserted in the middle cell (0, 10, 20, and 30), respectively. For each



simulation, the current-voltage characteristic J-V, the external quantum efficiency EQE and the
characteristic properties of the solar cell are calculated. Secondly, we investigated the
capacitance-voltage C-V of 3-J with and without QDs layers in order to examine the crystal
quality and interfacial states of the structures. The drift-diffusion, Poisson, Schrodinger
equations, described above are coupled and solved numerically for J-V and EQE
characteristics at all mesh points of the device. Eq.6 is employed to plot the C-V characteristic.
The physical parameters of the materials used in this simulation are extracted from [38,39].
The EQE spectra of the InGaAs middle cell where the QDs layers are embedded. Fig. 5
represents EQE as a function of wavelength considering no or 30 QDs layers inserted. Both
structures present a maximum value of EQE in the 650 nm-850 nm wavelength range. This
maximal value is nevertheless smaller for the cell including QDs. One possible explanation can
be linked to the insertion of the QDs layers that causes a degradation of the material properties
under a higher strain in the films. However, it was observed that the EQE of 3-J cell without
QDs turns to zero around the wavelength 875 nm. Thus, the photons with energy lower than
GaAs bandgap energy cannot be absorbed. Otherwise, longer wavelengths (>875 nm) are
absorbed by the QDs layers inserted leading to the generation of an extra current. The insertion
of QDs layers red-shifts the absorption edge of InGaAs cell by roughly 100 nm with an
enhancement of about 13% in EQE obtained in the 900-1000 nm wavelength range.

Fig. 6 represents the current density-voltage J-V of the InGaP/InGaAs/Ge 3-J without and with
QDs layers.10, 20 and 30 layers have been modeled. The effect of QDs number on J is
remarkable. For 30xQDs the Js. tend towards the value 20mA/cm?. From 30xQDs the Ji is
saturated. The increase in the QDs number causes a reduction in V.

Table Il summarizes all the solar cell characteristic parameters: the short circuit current (Js),
the open circuit voltage (Voc), the fill factor (FF), and the efficiency (). For 30 QDs we found

an efficiency around 10% more than that the ref [40]. As noticed, the increase of the number of



QDs layers in the intrinsic region of the InGaAs middle cell implies an increase of the short
circuit current as well as of the efficiency owing to the additional electron-hole pairs photo-
generated by the absorption of lower energy photons in the middle cell as illustrated by the
EQE response. The open circuit voltage decreases slightly (approximately 30 mV). This
decrease can be attributed to interface recombination in the middle cell. Relative enhancements
of 30.35 % on the short circuit current and 22.58 % on the efficiency are obtained when
comparing InGaP/InGaAs/Ge 3-J cell structure without and with 30 QD layers.

Fig. 7 plots the power density-voltage P-V characteristic of different InGaP/GaAs/Ge 3-J cells
in same conditions as above. The power density increases with the increase of the number of
QDs layers and some kind of saturation appears when comparing 20 and 30 QD layer cell
structures. A maximal power density of about 39.03 mW/cm? is achieved for 30 pairs of
Ino.70Gao30As (QD)/GaAs (barrier). Between a solar cell 3-J and a solar cell 3-J which contains
30xQDs, a relative efficacity gain equal to 18% is obtained.

Fig. 8 shows the effect of the quantum dot number inserted in the multi-junction solar cell
Ino.60Gao.40P/Ino.17Gao.s3As/Ge on the density of the short circuit current and the open circuit
voltage. We varied the number of quantum dots (QDs) from 0 to 30. The increase of the
inserted QDs number causes a considerable increase in the current density from 15.30 to
20mA/cm?, that is to say there is a gain of &jsc = 4.70mA/cm?. When the number of QDs
exceeds 30, the current density and the open circuit voltage do not become constant. Inserting
a number of QDs decreases the open circuit voltage. The V. voltage decreases from 2.35 to
2.30V. An open circuit voltage loss of 6V = 0.05V is detected. The impact of incorporating
a number of QDs on the open circuit voltage is opposite to that of the current density. It can
be seen that the effect of the QDs number on the open circuit voltage is small compared to the

current density.



Fig. 9 shows the effect of QDs number on the efficiency and the form factor. The increase in
the QDs number induces an increase in efficiency and a decrease in fill factor. When we
increase the QDs number from O to 30, the efficiency increases from 31.84% to 39.03%, that
is to say we gain 7.19% of efficiency. On the other hand, increasing the QDs number
decreases the form factor from 88.20% to 81.70%, that is to say, a loss of 0FF=6.50%. This
simulation allows us to optimize the performance of the proposed solar cell. Our goal is to
optimize the triple junction cell; we set the indium concentration (In) in the two structures
InGaP and InGaAs in order to have a multijunction solar cell. Also, we have optimized the
QDs number to increase the absorption and efficiency of the studied solar cell.

Fig. 10 displays the capacitance density-voltage C-V characteristic of InGaP/InGaAs/Ge 3-]
structure without and with 30 QDs layers calculated for different frequencies (1 kHz, 500
kHz, and 1 MHz). At low frequency (1 kHz), it can be seen that the capacitance density
without and with 30 QDs shows the same behavior with increasing bias voltage, reaching a
maximum at the forward turn-on voltage (curling point on the C-V curve). Beyond this turn-
on voltage, the capacitance density decreases due to the increase of radiative recombination
phenomenon and the device operates as an electroluminescent diode. Moreover, it is clear that
the forward turn-on voltage of the structure without QDs layers is higher than that of structure
with QDs layers, indicating that the open circuit voltage, Vo, of a 3-J solar cell without QDs
is higher than that of a 3-J solar cell with QDs. Otherwise, at higher frequencies (500 kHz and
1 MHz), the capacitance density starts decreasing at 1.9 to 2.1V for structure with and without
30 QDs and exhibits a slight increase at roughly 2.3-2.35V for both structures. Those C-V
results show that the rate of non-radiative recombination is higher in 3-J solar cell including

QDs layers and, thus, they present relatively high number of interfacial states.

4. CONCLUSION



In this paper, InGaP/InGaAs/Ge 3-J without and with QDs layers inserted in the InGaAs
middle cell was simulated and optimized. It was found that the insertion of 30
Inp.70Gao30As/GaAs QDs layers improves the EQE of middle cell in the 900-1000 nm
wavelength range by a relative enhancement of about 13%. In the same conditions, the
efficiency of the 3-J cell was increased from 31.84 to 39.03 %; leading to a relative
enhancement of about 18%. C-V modeling shows that the lower open circuit voltage that is
obtained for QDs based cell is due to interface carrier recombination in the middle cell.
Insertion of Inp.70Gao30As QDs can so enhance the efficiency of solar cells. This study can be

improved by using other materials such as quaternary semiconductors III.V-N.
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Figures captions

Fig.1. Structure of solar celle triple junction.

Fig.2 . a) Structure of InGaP/InGaAs/Ge 3-J with 20 InGaAs(QD)/GaAs(barrier) layers inserted in InGaAs
middle cell, b) structure of the midlle solar cell with insertion of QDs based on InGaAs/GaAs.

Fig.3. Current density of InGaP/InGaAs/Ge 3-J as function of voltage.

Fig. 4. Power density of InGaP/InGaAs/Ge 3-J as function of voltage.

Fig. 5. EQE response of InGaAs midlle cell without and with 30 QDs layers.

Fig. 6. J-V of InGaP/InGaAs/Ge 3-J without and with variable number of QDs layers inserted.



Fig. 7. P-V of InGaP/InGaAs/Ge without and with different number of QDs layers.
Fig. 8. Effect of QDs number on the Jic and V.
Fig. 9. Effect of QDs number on the FF and efficiency.

Fig.10. C-V of InGaP/InGaAs/Ge without and with 30 QD layers calculated at different frequencies 1 kHz, 500

kHz, and 1 MHz.

TABLE I. The parameters of the materials
TABLE II. Parameters of the 3-J solar cell without and with QD layers.

TABLE III. Electrical parameters of 3-J with and without quantum dot layers for different number of QDs.
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Parameter GaAs InAs InP GaP

a(A) 5.65 6.05 5.87 5.45
Eg (eV) 1.42 0.35 1.35 2.78
ac(eV) -7.17 ~5.08 -6.0 8.20
Ao(eV) 0.34 0.39 0.1 0.08
av (eV) 116 1.00 -0.6 1.70
b(eV) -17 -18 -2.0 ~16
me" 0.07 0.03 0.08 0.13
C11(GPa) 1221 8.329 1011 1405
C12(GPa) 566 4.526 5.61 620.3
Y1 6.80 20.00 5.08 4.05
Y2 1.90 8.5 161 0.49
Y3 2.93 9.20 2.10 2.93
m" 1.90 0.64 0.41 2.00
me" . 0.078 0.05 0.03 0.25
g 1.72 0.14 0.21 0.25
€ 13.10 14.60 12.40 11.11
Table I
Cell Layer Composition | Thickness Camer 3
(nm) concentration(cm™)
Window | p*-InAlGaP 30 2x10'8
- 18
Top cell Emitter p*-InGaP 50 2x10
Base n-InGaP 550 710
BSF n*-InAlGaP 30 2x10'8
Emitter n*-InGaP 15 5%10"
Tunnel cell Base p*-InGaP 15 3x10"°
Window p*-InGaP 40 3x10'8
Emitter p*-InGaAs 500 2x10'8
Barrier GaAs 115 Undoped
Middle cell QDs | Ing7oGaosoAs 5 Undoped
(NxQD/Barrier)
Base n-InGaAs 2000 2x10"7
BSF n*-InGaP 100 5x10'8
Emitter n*-GaAs 15 5x10%
Tunnel cell Base p*-InGaP 15 3x10%
Window | p*-InGaAs 50 5%10'8
: 18
Bottom cell Emitter p*-Ge 100 2x10
Base n-Ge 10000 1x10"7

Table 11




QDs Number | Js (MA/em?) |y (v) FF (%) n (%)
0 15.32 2.35 88.12 31.84

10 17.2 2.32 87.76 35.10

20 19.38 2.30 84.89 37.99

30 19.97 2.30 81.73 39.03

Ref [42] 29.68 1.12 86.00 28.80

Table III






