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ABSTRACT

This paper deals with a AlGaAs/GaAs p-i-n quantum well solar cell. The doped region are based on AlGaAs semiconductor
while the intrinsic region "i" contain multi quantum well (MQW) system AlGaAs/GaAs. A numerical method is developed to
determine the influence of insertion of MQW into the depletion region over the p-i(MQW)-n Al,Ga;.,As solar cells. Current—
voltage (J-V) characteristics is generated for the AML1.5 solar spectrum. The effect of the Aluminum molar fraction x (Al,Ga;.
¥ASs), the number, the width, the depth of the wells and barriers in the "i" layer and the doping densities on the electrical outputs
and the quantum efficiency of the solar cell are also presented. The optimized solar cell reached a conversion efficiency of
28.72 % with a short circuit current density of 36.9 mA/cm2 and an open circuit voltage of 0.97 V.
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1 INTRODUCTION

A quantum well solar cell (QWSC) is a multi-band gap
solar cell which encloses multi-quantum well layers is in
the intrinsic region of a p—i—n structure figure (1). The use
of quantum wells to improve solar cell efficiencies was at
first proposed by Barnham and Duggan [1]. The intrinsic
region is useful to extend the field-bearing region. In
addition the i-region of the p-i-n solar cell structure consists
of a number of wells that have an energy gap narrower than
the one of the p-—i-n basic material. This allows the
absorption of the low-energy photons in the wells and the
photoresponse of the cell can be increased to longer
wavelengths.

Different theoretical models were proposed to simulate the
operating mode of QWSCs depending on the well's
parameters (number, depth, widths, barriers....) [2-5]. The
output voltage of the QWSC is dominated by the wider
band gap barrier material and the recombination in the
wells and in the interfaces between barriers and wells
materials. The absorption, the spectral response and hence
short circuit current are determined by the width and depth
of the quantum well [5-6]. The short-circuit current is
improved because of the additional absorption of low-
energy photons in the lower band-gap quantum wells while
recombination of carriers trapped in the quantum wells can
reduce the open-circuit voltage [7]. Fortunately,
experimental results have shown that the supplementary
photocurrent resulting from the extension of the absorption
spectrum to lower energies can compensate the associated

decrease in the open-circuit voltage [7-8-9].

In this study we have adopted theoretical models of
Anderson et al [4] and Rimada et al [5-7] to calculate the
quantum efficiency and the short circuit current density
which is the maximum photocurrent generated by the
QWSC under light. The considered light is the AM1.5,
which is common to characterizing terrestrial solar
spectrum. Then to calculate the full J-V characteristic we
have developed our own program under MATLAB
language.

Firstly Schrodinger equation is solved numerically to
determine the confined energy states in a single quantum
well; the second step consists of calculating the absorption
coefficient taking into account the allowed valence to
conduction bands transitions. Finally the total photocurrent
is analyzed for various structure parameters specifically;
width, height (related to the Aluminum concentration),
number of wells inside the intrinsic layer, and the doping
densities.
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Figure 01: p-i(MQW)-n solar cell

2 THEORETICAL MODEL

We have considered a QWSC with Nyy wells each of length
Lw in the intrinsic region of length W with a barrier band
gap Eg and a well band gap Ew. The wells and barriers are
each constructed from AlxGal-xAs, 0<x<0.35. Rimada’s
current- voltage relation is then [5-6,10] :

qV

JV) = ]g(1+rRﬁ][erp(E—¥)— 1]+(rma+]53[e;<p ZkT)_ 1]— Ien )

where

e =1+ fu [yeviosern (B8/p)-1)| 2a)

we =14+ f [Ya‘}’ﬂosexp ((ﬂEf‘ sz) B 1)] .................. (2.b)

Are the radiative and ‘‘non-radiative enhancement ratio,
respectively, and represent the increment in the net intrinsic
region radiative and non-radiative recombinations due to
the insertion of the quantum wells. The Js is the surface
recombination current. The term Jg was introduced to
represent the well-barrier interface recombination, which is
characterized by the recombination velocity vs [5-6,10] :

I = 2Ngqn;gu.¥posexp (ﬂE;kT) ®)

Here, AE=Eg-E,, and all the terms in equation (1) and (2)
are identical to reported ones by Anderson [5-6,10]. The
photocurrent Jpy is calculated from the external quantum
efficiency of the cell (QE). The p-region and n-region
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contribution was classically evaluated solving the carrier
transport equations. The contribution of photo-generated
carriers in the intrinsic region to QE values is calculated by
the following expression :

QEM = (1 - R(A))exp [(Z o Z; )}x (1 — e—=W-Fweay)
i 4)

Where R(A) is the surface reflectivity spectrum of the
antireflection coating. The first exponential factor is due to
the attenuation of light in the precedent layers of the cell, o;
and z; are the absorption coefficient and the width of the
precedent layers, respectively, the ag is the absorption
coefficient of the bulk barrier material, Nyy is the number of
wells and ay is the non-dimensional quantum well
absorption, used for energies below the barrier band
gap.Following Bastard [11], we calculate the density of
states for the single quantum well within the envelope
function approximation. When mixing between light and
heavy Valence sub-bands is neglected, the well absorption
coefficient can be calculated as follows:

ﬂ'[_-v {E] = Iﬂurrf,

ay () = fogn_ﬂim + fos'n—fi:m
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where Y oe,-hhy, and > aen-lhy, are the absorption
coefficients due to electron-heavy hole and electron-light
hole transitions to conduction band, respectively, ay is the
well absorption coefficient, En are the transition energies, €
is the quantum thickness of the heterostructure and all other
symbols have their usual definitions[11].The transition
energies of quantum wells can be calculated by solving the
Schrodinger equation for the electrons and holes in the
potential wells created by band discontinuities. The sub
band energies arecalculated by solving self-consistently the
one-dimensional Poisson-Schrédinger equations within the
effective mass approximation.

The nonlinear
potential @ is:

Poisson equation for the electrostatic

df a
E(an”@) =—b@-n@+i M) =0

Where ¢ is dielectric constant, p(z) is the charge density, e
is the electron charge, n and p are the electron and hole
concentrations, and Np* and N, ™ are the ionized donors and
acceptors concentrations. In the case of strong confinement
in only one direction, we assume that the density of states
can be decomposed in a quantum term along the confined
direction (z) and semi-classical term in the other directions.
The one-dimensional Schrodinger equation for electrons in
the z direction can be written as :

Baf1d

) ?E(m_ﬁq)fﬂﬁhh“im) + VW i,0,0@) = B ia Vi in )
g

©)

where ; represent the wave function in the conduction and

valence bands, E;. Ejnn Ejin are the corresponding eingivalues
and m,, my,, My, are the effective masses.

The photocurrent was calculated from integration of
external efficiency of the cell oversolar spectrum in AM1.5
solar radiation [12] :

Jeu =1q J-FU'-}QET:]T GJda

(10)
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Where F(}) is the AML1.5 solar spectrum photon flux
(em™3s7h,

And then, Equation (1) is completely determined. The
short-circuit current and open-circuit voltage, respectively,
for the solar cell aredetermined by :

Jsc=len

(11
v = EE (f;c +Jo(1 + TRﬁ])
oc £ Jo(1 +rgp) (12)
The efficiency of the solar cell given by :
I
n = mJm x 100%
P; (13)

Where Pin=1000Wm is the input power from the sunlight
for 1-sun under 1.5 condition. Here Jm is the current
corresponding to maximum power output, which is
obtained by derivation of P=JV with respect to current
density J and setting oP/2J [3]. Vm is obtained by solving
the equation using the iteration procedure :

e (fe it = e (0Fr) oo

where (V+=kT/e) is the thermal voltage. Another important
solar parameter is the fill factor (FF), which measures the
squareness of the photo-J-V curve, defined by :

_ Vidm
FF = "‘Vo clse (15)

3  RESULTS AND DISCUSSIONS

To model the p-i(MQW)-n solar cells figure (2), we have
considered a structure that includes a ZnS anti-reflection
coating layer with 65 nm thickness, a cap layer with 0.02
pm thickness, the p- Al,Ga;As  layer and n- Al,Ga;  As
layer with 0.15 and 0.46 pm thickness. In addition we have
assumed that the n-region and p-region are uniformly doped
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with Na o= Np,=10"cm’®, respectively. The intrinsic region calculation are presented in the table(1).
is formed by GaAs quantum wells and Al,Ga;.,As barriers.
Other physical parameters of material used in the

conduction band
1.0 4 valence band
0,8 -
g 0.6 4 L
& 0,6
Lt P- layer i- layer ( 30 wells) n- layer
-1,0 T T T T T T T T T T
0.0 2,0x107 4,0x107 6,0x107 8,0x107 1,0x10° 1,2x10°
Z(m)
Figure 02: The energy band diagram of an optimized MQW cell
Table 01: Material parameters used for modeling the AIGaAs/GaAs QWSCs
Parameters Analytic expressions References
Absorption ay () = ﬂfnc.ﬁ@ } [13]
coefficient
—h
E= ﬂfi
r 0.5
E—E(x) = E — E;(0) — 0.62x[E — E,(0)]
Dielectric g= (131 — 2.2x)z, [14]
constant
Mobility f0ge0 () [—1.5545 +0.0016 + (0.735 + D.DDlE:r]L'Dg,_DL’-.'E]](SDD~] (cm:) [14]
lo =)= —
Hrolte —(0.0253 + 0.0052x)log, o LN )? T /\ ¥
3 -
log.q(uy) = —9.723 + 00095 + (1576 + 0.0012x)og, 5 (V2) (3DD~]4 cm*©
—(0.0507 + 0.0034x)og, g [[;".T:djz T/ W
Diffusion ] —210.06 + - [14]
i, (., x) ; 300, %
length L, = ﬁ exp(—5.72x)| 27.254log,o (V) (T] wm
e War —0.85000g,0 (V] ,)? '
- —11892 +
g (g, x) . 3004
LE = i—fd[] E:rp{—'?.?z:r] 14'466'!DHLD{"."|1] —],um
i (e 0 —0438l0g,o((V14)?
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Effective

masses

Mhe — {D.ED + D.EI}H‘!D

m, = (0.0632 + 0.0856x + 0.0231x%)m,

myy = (0.088 + 0.0375x + 0.0163x%Im,

(18]

3.1

The J-V curves for different solar cells with different i-
region structures that include different Al molar fractions in
the barriers are investigated. In this case, the considered
number of the wells is Nw=50 with a well width of
Lw=15nm and a barrier width of L,=10nm. The Al fraction
molar is increased from 0.1 to 0.3 .Fig. 3 shows, that with
increasing the Al molar fractions in the barriers, the short
circuit current in the intrinsic region reduces faster than
open circuit voltage. The extracted output parameters are
presented in table (2) and Fig. 4.

Effect of Al molar fractions in the barriers
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—x=0,2
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Figure 03: The effect of the Al molar fractions in the

barriers on solar cell J-V characteristics

Table 02: The Al molar fractions in the barriers effect on solar cell

output parameters

1.2

Al molar

Jsc(M4],,:) | Voc®) | FF% | n%
fractions
0.1 34.39 0.97 79.90 26.65
0.2 30.70 0.93 79.68 22.75
0.3 25.52 0.88 78.83 17.70
Atmolar iy (may o) | Voc ) | FF% | n%
fractions
0.1 34.39 0.97 79.90 26.65
0.2 30.70 0.93 79.68 22.75
0.3 25.52 0.88 78.83 17.70
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Figure 04: The effect of the Al molar fractions in the barriers on

the solar cell output parameters

From the obtained results, the output parameters of the cell
decrease with the increase of the Al molar fraction. Jsc and
n are the more affected while Voc and FF decreases lightly.
The depth of the well AE is related to the Al fraction molar.
When there is an increase of Al molar fractions in the
barriers, AE increases and induces an increase in the
recombination (Eg.2). The other parameter influenced by
the Al molar fraction is the absorption coefficient in the
quantum wells. Fig. 5 shows the effect of Al molar fraction
in the absorption coefficient. As depicted in the figure, with
increasing the Al molar fractions in the barriers, the
absorption coefficient decreases and shifts toward shorter
wavelengths.The increase of the recombination and the
decrease of the absorption can explain the reduction of the
cell output parameters, namely Jsc and Voc.
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Figure 05: The effect of the Al molar fraction in the barriers on
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3.2

In this section, the effect of the barrier width layer is
studied. Fig. 6 shows the |-V characteristics simulated
when the barrier width layer is reduced from15 to 1nm.The
extracted output parameters are presented in table (3) and
Fig. 7.

Effect of the barrier width
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c
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8 5] L=2nm

——L=1nm
b
0 —7—T7—7
0.0 0.2 0.4 0.6 0.8 1.0 12
Voltage (V)

Figure 06: The barriers width effect on solar cell I-V
characteristics

Table 03: The barriers width effect on solar cell output

parameters
The
barriers | J¢ (mA/m,) Vo) | FFog 7%
width (Lb)
15 34.01 0.97 79.85 26.34
12 34.22 0.97 79.88 26.51
10 34.39 0.97 79.90 26.65
08 34.59 0.97 79.93 26.82
06 34.83 0.97 79.96 27.01
04 35.12 0.97 80.00 27.25
02 35.47 0.97 80.05 27.54
01 35.68 0.97 80.08 27.71
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Figure 07: The barrier width effect on the solar cell output

parameters

As we can see from the obtained results, a weak sensitivity
of the output parameters to the barrier width increase from
1to 15 nm is observed, namely occurs in Jsc and .

3.3 Effect of the well numbers

In this section, the effect of the number of the wells is
investigated. Fig. 8 shows the J-V characteristics simulated
when the number of wells were varied from 50 to 10. The
extracted output parameters are presented in table (4) and
Fig. 9.
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Figure 08: The QWs effect on solar cell J-V characteristics
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Table 04: The QWs number effect on solar cell output parameters

Number of wells Jsc (mA/ =) Vo () FFog 1%
10 25.26
29.83 1.044 81.09
20 25.82
31.65 1.015 80.35
30 26.51
33.21 1.000 79.82
40 27.15
34.54 0.985 79.79
50 27.71
35.68 0.975 79.67
This is a consequence of the quantum nature of photon
 1.20 - v absorption in the wells. For small barrier heights, the
g -v-J, / number of levels in the well does not change significantly
3 1.15 4 V. v with the increase in the quantum well width. Then, for
= -@—FF / larger barrier heights, the number of levels and amount of
;1.10— - /v n transition enlarge with the increase of the quantum well
° 1 v /l width leading to a greater absorption of the incident
5 1.05 1 /l photons and therefore an increase in short circuit current
N 1 [ | density.
& 1.00 4 ‘<.
5 | —e——0—o
pd
0.95 —
T T T T T T T T T 40
10 20 30 40 50 J
W numbers 35 _
Q ] L=1nm
Figure 09: The QW number effect on solar cell output parameters NE 30 4 N, =50
o
3 251
é 4
From the obtained results, all output parameters are 2 20 -
. - . . . (7] -
sensitive to_the numbe_r o_f quantum wells in the intrinsic § 15 AE=133 mev.L, =1nm
region.Jsc increases significantly from 29.83 to 35.86 24— \E=133meV.L =10nm
mA/cm? The conversion efficiency 1 reaches 27.71 % for L 10 AE=450 meV’LW-lnm
50 wells. However, Voc decreases slowly from 1.044 to 3 5 ] AE-450 meV’LW-lonm
0.975 V and FF follows V¢ variations by decreasing to | - W
79.67%. Then there is a difference between the behavior of 0T T T T
Jsc () and that of V¢ (FF). It seems that the increase of the 00 02 04 06 08 10 12
well numbers motivates the transfer of the free carriers Voltage (V)

between the wells at the expense of the potential.

3.4  Effect of the well width:

Fig. 10 shows the effect of the quantum well width (Lw) on
the J-V characteristics for two different well depth (AE=133
meV and AE=450 meV). The extracted outputs are
summarized in table (5). We observe that the increase of the
quantum well width from 1nm to 10 nm improves Jsc and
this improvement is more pronounced for the deeper well
(AE=450 meV).
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Figure 10: The well width effect on the solar cell J-V

characteristics
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Table 05: The well depth and width effect on solar cell output parameters

Well depth and width ISC (m‘q!, 2) Vﬂc 1) FF% 7%
CIrL

AE=133 meV, 1nm 22.84 0.87 79.11 15.72

AE=133 meV, 10nm 27.27 0.88 79.18 19.01

AE=450 meV, 1nm 35.87 0.97 80.11 27.87

AE=450 meV, 10nm 36.63 0.97 80.22 28.50

3.5  Effect of doping concentrations

In this section, the effect of the doping densities in n (Ng)
and p-layers (N,) is studied. Fig. 11 shows the J-V
characteristics simulated when Ny and N, are varied from
10" to 10" cm™® .The extracted output parameters are
presented in table (6) and Fig. 12.
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Figure 11: The p and n —-region doping concentration effect on

the solar cell J-V characteristics

Table (6) The p and n —region doping concentration effect on the solar cell output parameters

P and n-region dopin
! 9 ping jg,_-(mﬂj =) Voc () FFug 7%
(cm™)
101% 36.90 0.97 80.26 28.72
c 1016 36.65 0.97 80.23 28.52
' - 36.50 0.97 80.20 28.39
r
1o 36.00 0.97 80.13 27.98
51017 35.68 0.97 80.00 27.71
1o%®
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Figure 12: The p and n -region doping concentration effect on

solar cell output parameters

The obtained results indicate slight effect of the doping
densities increase on the outputs of the cell. Voc and FF
seem to be insensitive to the increased of doping
concentration. Jsc decreases slightly from 36.90 to 35.68
mA/cm?, and n follows JSC variations and decrease from
28.72 10 27.71%.

3.6 Effect of the well-barrier interface recombination

In this section, the effect of the well-barrier interface
recombination velocity is investigated. Fig. 13 shows the J-
V characteristics simulated when the recombination
velocityis increased from 30 to 300 cm/s. The extracted
output parameters are summarized in table (6) and
presented graphically in Fig. 14.

40
1 N =50
35 - "
— ] L,=15nm
g 30 4 L=1nm
2 -
£ 25 1
> 4
g) 20 v=30 cm/s
% 15 1 v=70 cm/s
= __ v=110 cm/s
CI:) 10 v=165 cm/s
= J v=200 cm/s
O 5_ v=300 cm/s
0 S S E m m e
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Figure 13: The interface recombination effect on solar cell |-V

characteristics

Table (6) The interface recombination effect on solar cell output parameters

Interface recombination ISC (mﬂ"‘ =) VGE{L}] Fre %

(cml/s)

30 35.68 0.97 80.08 27.71
70 35.68 0.92 79.95 26.24
110 35.68 0.90 79.31 25.47
165 35.68 0.88 78.88 24.77
200 35.68 0.87 78.71 24.43
300 35.68 0.85 78.26 23.73
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Figure 14: The interface recombination effect on solar cell output

parameters

We can see the obtained results indicated that there is a
slow decrease in FF as the interface recombination is
increased. However, Jsc seems to be surprisingly insensitive
to the increased of interface recombination. V¢ decreases
from 0.97 to 0.85V, and the efficiency 1 follows the Voc
variations by decreasing to 23.73%.

We finish this section by the examination of the effect of
the barrier band gap energy Eg for three different
recombination velocity on the cell efficiency n. The result
is shown in Fig.15, as barrier band gap energy decreases,
the conversion efficiency increases and the optimum
efficiency obtained is 28% for an interface recombination
velocity of 30 cm/s and a barrier band gap of 1.4 eV.

30

i —8l— v =30 cm/s N,,=50
28 - —@— v = 165 cm/s L,=15 nm
i v =300 cms Loy
26 — o
p ]
e ] . \-
g 22 - \
= ] .\
20 °
18 —
16 —
T T T i T
1.5 1.6 1.7 1.8 1.9
E, (eV)

Figure 15: Dependence of the solar cell conversion efficiency on
the barrier band gap energyfor different interface

recombination velocity
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4  CONCLUSION

We have used a theoretical model, which shows that the
insertion of MQW into the region a p-i(MQW)-n solar cell
can significantly enhance the conversion efficiencies.
Open-circuit voltages, short-circuit current densities, J-V
curves and conversion efficiencies haves been calculated as
functions of the Al molar fractions in the barriers, width
and depth of the well, number of wells in the intrinsic
region and the recombination velocity in the interfaces
between wells and barriers. It has been found that a
considerable effect on the outputs of the cell has been
obtained with the variation of the number, the depth and the
width of the wells, the barrier heights (via the Al molar
fraction) and widths, and the barrier-well interface
recombination velocity. The doping densities however for
the emitter and collector layers have slight effect. The
optimized cell efficiency has reached ~29% for the lowest
interface recombination velocity of 30 cm/s with 50 well in
the intrinsic region.
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