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Abstract: The barrier created in the intrinsic multiple quantum well (MQW) region of a quantum well solar cell (QWSC) appears
to be trapezoidal in nature. Therefore, in this paper, a trapezoidal barrier has been considered and the expression for the tunneling
current of the QWSC has been obtained. The variation of the tunneling current with temperature has been shown graphically. In
addition to this, the expressions for temperature and wavelength dependent refractive indices of different regions of the QWSC
have been taken into account while performing the calculations of reflection coefficient. It has been shown in this paper graphically
that QWSC with ZnS antireflection coating shows better performance than the cell without antireflection coating. Solar cells
having different well width and barrier width have been chosen and the variation of the tunneling current densities with wavelength
of incident light and temperature of the device has been studied for each cell. It has been observed that the tunneling current

density falls with increase in the temperature of the cell.
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1. Introduction

It is a very well known fact that with the tremendous
development of science and technology the requirement of
energy has been increased drastically. The main source of
energy till now is fossil fuels like coal, natural gas, natural
oil etc. But these sources are limited and pollute the
environment. So we need alternative sources of energy.
Different types of research and development works have
already been done on the alternative sources of energy [1-6].
Solar cell is an alternative source of energy which does not
create any kind of pollution. During the last few years
various research works have been performed by several
researchers on the high efficiency solar cells [7-9]. Quantum
well solar cell is one of the members of the high efficiency
solar cell family. Quantum tunneling is one of the most
interesting phenomena in quantum mechanics and it plays a
vital role in the generation of current in a quantum well solar
cell (QWSC). QWSCs have been studied extensively during

the last two decades. Sequential resonant tunneling to
enhance the photocurrent and reduce the recombination
losses in photovoltaic devices based on multiple-quantum-
well (MQW) heterostructures has already been proposed
[10]. A brief review of the experimental and theoretical
studies of QWSCs has been given including a number of
theoretical models for such cells [11]. The impact of
quantum effects on the absorption and tunneling current as a
function of electric fields and light trapping ratios have been
calculated and it has been shown that increasing electric
fields enhance tunneling of photo-generated carriers, which
dominates over the opposing effect of reduced absorption
[12]. Aperathitis et al. [13] have shown experimentally the
temperature  dependence of the photocurrent in
AlGaAs/GaAs MQW solar cells and have theoretically
discussed three types of current components in the MQW
solar cells, namely the tunneling current, thermionic current
and photo-generated current assuming a rectangular potential
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barrier. Again, assuming rectangular potential barriers,
Chatterjee et al.[14] have extended the work of Aperathitis
and have shown theoretically the temperature dependence of
the three current components as mentioned above. In this
paper, a trapezoidal potential barrier has been assumed and
the expressions for the tunneling current of the solar cell
have been obtained. Based on this analysis, the temperature
dependence and wavelength dependence of the tunneling
current density of the solar cell has been computed. It is also

ZnS Antireflection Coating

observed that the total photo-current is consistent with the
experimental results given by Aperathitis et al. [13] under
proper experimental conditions.

2. Analysis

The schematic diagram of an AlGaAs/GaAs QWSC is
shown in Fig.1. Light photons are incident on the ZnS
antireflection coating and a part of them transmit into the
cell.
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Fig. 1. The schematic diagram of a QWSC with ZnS antireflection coating.

Detailed discussion on the tunneling current, thermionic
current and the photo-generated current in the base layer has
already been presented in [13] and [14]. In both the papers
the barriers in the MQW region have been assumed to be
rectangular in nature. But, according to Fox et al. [15], the
shape of the barrier appears to be trapezoidal in nature and
hence the derivation of the tunneling current through the
trapezoidal barrier is attempted in this paper. In both the
above mentioned papers [13] and [14], it has been assumed
that the photons incident on the QWSC totally transmit into
the cell. But practically only a part of the incident photons
can transmit into the cell and an antireflection coating is
required to minimize this reflection loss. Also the reflection
coefficient of the total QWSC is dependent on the refractive
indices of the anti-reflection coating, the AlxGai-«As/GaAs
MQW region and the p-type front layer region and n-type
base regions [16].Therefore, in this paper an analytical

treatment on the tunneling current in the QWSCs has been
presented assuming a trapezoidal barrier, and also taking into
account the temperature and wavelength dependent
refractive indices.

2.1. Derivation of the expression of the tunneling current
density

The schematic band diagram of an AlGaAs/GaAs QWSC is
shown in Fig.2. In the AlGaAs/GaAs QWSC system,
intersubband transition of the photo-generated carriers takes
place. An electron (or a hole) in the ground state of the
quantum well being excited by a photon, transits to the first
bound state and readily tunnel out from the well through the
barrier, resulting in the tunneling current in the QWSC [17].
An analytical expression of the tunneling current has been
derived on the basis of the method described in [13], and
subsequently modified by the authors [14].
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Fig. 2. The band diagram of a AlGaAs/GaAs QWSC

The general expression for the tunneling current taking into
consideration the electron and the hole flow equations, is as
follows [14]

At (s
Jrow =4 (T5) Fon (1 = ROD)(1 - 0o 051)

i

j DETENFE - qv) — FEIWEE (1)

where, q is the electronic charge, A is the cross-sectional
area of the QWSC, tr is the carrier transit time for tunneling
current for the entire MQW region, Fp, is the number of
incident photons per cm? per sec per unit bandwidth, R¢(2) is
the reflection coefficient of the entire QWSC, a(2) is the
absorption coefficient, S; is the width of the entire MQW
region, V(E) is the velocity of the carriers. The two
dimensional density of states D(E) is given by [18],

m
D(E) = — (2)

where, m” is the effective mass of the carriers.

It may be mentioned here that the barrier in the intrinsic
MQW region, through which the electrons (or holes) have to

Thernmonic emission of

PR / electron
I\s

Tusmcling of chectrons

Encrgy levels

tunnel through, appears to be of trapezoidal nature. In this
case the Wentzel-Kramers-Brillouin approximation (the
WKB approximation) may be wused to obtain the
transmission coefficient T(E) of the barrier [19]. For the
purpose of computing the transmission coefficient, we
consider the barrier to be consisting of a triangular barrier
and a trapezoidal barrier, as explained below.

For Triengular borrier :

4 S5+ 2m* 2
T(E) = exp |~3 Bﬂ {-ab—E]:]

for &, <E=<¢ (3)

For Trapezoidal barrier :

4 5.42m" 2 2
T(E) = exp [_g e G E:E}]

forE< @, (4)

where, Sg is the width of the barrier, @ is the barrier height.
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Fig. 3. Schematic diagram of the trapezoidal barrier in the
QWSC

Ec; >
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The potential @, may be obtained by writing

f=-% 3)

where, @ may be obtained using simple geometry, as
discussed here.

4

S

Fig. 4. Illustrative form of the conduction band regions of the QWSC

From Fig.4 one can write

f = % X 5z (6)
where, Vy; is the built-in potential of the device. In analogy
with the expression given for the heterojunction solar cells

[20], the built-in potential of the QWSC is approximately

Ve = Eg: + AR, — {ch - Ef-‘r:l - ':F:-'[ - Eb'mj N

where, Eg is the band gap of the barrier material (AlxGas-
xAS), Err and Eg are the energy of the quasi-Fermi levels.

Ecin and Evin are the conduction band energy and the
valence band energy of the well material GaAs respectively,
near the n-side of the QWSC. The discontinuity in the
valence band is AE, = (E;; — Ej;) — AE; , where, E;; and
E;; are the band gap energies of AlGaAs and GaAs
respectively. The conduction band discontinuity is
AE. = (y;— ¥}, where, x5 and ¥, are the electron affinities
of AlGaAs and GaAs respectively.

The position of the quasi-Fermi levels Eg and Eg, can
be evaluated using Joyce-Dixon approximation method [19].
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The voltage developed across the QWSC has been evaluated

using the relation,

4V = Epr — By ®)

Aty
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2.2. Equations for thermionic current density and the photo-
generated current density in the n-type base region

Another two current densities which appear in QWSC have

already been shown by Aperathitis [13] and the authors [14].

These current densities are thermionic current density and
the photo-generated current density in the n-type AlGaAs
base region.

The equation for the thermionic current density [14] is

o = q(m”’) Ea(1-R,M)

Zam (0)® N,
(1- exp(—ct{.ﬂ.?;]}%x(
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Thus assuming trapezoidal potential barrier the
tunneling current may be written as,

i Ph m* E .
cosh {EE—J{?‘:{) cosh (E — g‘rkir_ qF:I ®)

where, Ac is the discontinuity in the conduction band, qViis
the barrier energy, 8E is the energy of the miniband inside
the quantum well with respect to the bottom of the well, Ec2n
is the conduction band energy of AlGaAs near n-side of the
QWSC and try is the transit time for the thermionic current
for the entire MQW region.

2mmp kT
N,=12 (T] (11)

kalad

where, mj, is the effective mass of holes in GaAs, p is the
hole density.

The equation for the photo-generated current density due to
the holes in the n-type base region [14] is

exp (— uU]H']]+s.ﬂh(HJ+a{ﬂ]lﬂexp{ al(l)H"

(.S'I.
D,

where, L, is the diffusion length for holes, Dy is the diffusion

coefficient for holes, S is the back surface recombination
velocityand H = H — 5.

As the photo-generated current density due to the p*
AlGaAs front region is very small compared to the total

e () ont ()

(12)

photo-current density, it has been neglected from the
analysis.

Thus the total current density for the entire QWSC is
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Iror = Jruw + Jru +.Irp {(13)

2.3. Expressions for temperature and wavelength dependent
refractive indices

In order to perform the final calculations, in addition to
knowing the various device parameters, it is also essential to
know the expressions for the refractive indices of the
different regions of the QWSC that are dependent on the
wavelength of the incident light as well as on the
temperature of the device. It is also desirable to know the
expressions for the absorption coefficient. All these points
are discussed here in brief.

The refractive indices of the main materials of the
QWSC i.e. ZnS antireflection coating, AlGaAs barrier layers
and the GaAs well layers can mainly depend on the
wavelength of the incident light and the temperature. The
equations for the temperature and wavelength dependent
refractive index of the ZnS have been given in [21]. The
wave-length dependent equation of refractive index of GaAs
and Al Gay.xAs is also available in published literature [22].

The temperature dependent relation of the high frequency
dielectric constant and refractive index of GaAs has been
given in [23].

€opa: = 10.60(1 + 9.0 % 1075T) (14)
(Epgas)™? = Mgaas = 3.255(1 + 4.5 x 1075T) (15)

The variation of the refractive index of AlAs for different
temperatures has been measured and a semi-empirical
relation between (dn/dt) and t has been discussed [24].

Based on this literature an equation for the high frequency
dielectric constant has been found out,

Ealas = {ﬂAL-is:]:

= 8.630837(1 +5.105811 x 10~%¢)? (16)
where, t is the temperature in °C.

Using the relation given in [25] the values of the high

frequency dielectric constant and hence the refractive index
of AlxGaixAs may be obtained.

EAExEci_xAs{-r:] = (1 = w)egoa: + ¥eapae (17)
and

—_
Mal Goy_ Az = _\IIEAE_,;E::,__XAS{-K:] (18)

The refractive index of the total QWSC except the AR layer
for normal incidence has been evaluated using the refractive
index summation equation [16]. Hence the reflection
coefficient of the total QWSC has been found out using
Fresnel’s equation [16].The equations for the absorption
coefficient of GaAs and the AlxGa;.xAs have been obtained
from the published literature [19].

3. Results and Discussions

Calculations were performed based on the theoretical
expressions derived above. Here the incident photon flux has
been assumed to be high i.e. Fpp~2.6 x 10%* fem®s, which

is similar to the value considered by Aperathitis [13]. The
transit times for tunneling current and thermionic current are
considered as tp~10"*s and t;,~10"*s respectively.
The doping concentration of the p-type (Be-doped) and n-
type (Si-doped) AliGaixAs regions are taken as
2% 10% em~2 and the thicknesses of the two regions are
taken 150 nm and 300 nm respectively [13]. The electron
effective mass for AlGaixAs/GaAs super-lattice is
my = (0.067 + 0.083x)m, and the hole effective mass for
the same is mj = (0.62 + 0.14x}m,, where mo is the

electronic mass and x is taken as 0.36. The band gap of
AlLGaxAs/GaAs is E; =(1.426 + 1.247x)eV. These

parameters have been taken from [18]. The energy of the
potential barrier has been taken as g¥; ~0.2eV" [26]. Electron

affinity of AlyGaixAs/GaAs super-lattice is (4.07-1.1x) eV.

3.1. An analytical study on the three current components of
QWSC (without antireflection coating) with temperature

For the purpose of calculations, two samples of QWSC have
been chosen, as shown in Table 1., whose experimental
results for the total photo-current densities for -10°C and
100°C temperatures are known [13].

Table 1. Dimensions of the experimental samples given by Aperathitis [13].

Model Area of the front Number of wells Well width Barrier width Total width of the
surface MQW region
Sample 1 4.1x1073 cm? 23 9nm 6nm 0.35um
Sample 2 2.0x10°% cm? 39 15nm 10nm 0.97um
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A comparative study has been carried out on QWSC, using
trapezoidal barrier model and the experimental results. For
these cases the QWSCs were considered to be without
antireflection coating.

The variation of tunneling current density, thermionic
current density, current density in the n-AlGaAs base region
and the total photo-current density for the two samples has
been shown in Fig.5, assuming the trapezoidal barrier model.
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Fig. 5. (a) Variation of the current densities with temperature
for Sample 1 assuming trapezoidal barrier model. (b)
Variation of the current densities with temperature for
Sample 2 assuming trapezoidal barrier model.

The comparison of the two theoretical results for the total
photo-current density obtained in this work with the
experimental results given by Aperathitis [13] has been
shown in Table 2.

Table 2. The total photo-current densities for the two
temperatures

Model Total Current Density

For -10°C | For 100°C

Sample 1 Trapezoidal 31.95mA | 54.66 mA
Barrier Model

Experimental 31.71 mA | 56.09 mA

Results

Sample 2 Trapezoidal 7.99 mA 64.97 mA
Barrier Model

Experimental 9.75 mA 59.26 mA

Results

From Table 2. it is clearly seen that the analytical results of
the total photocurrent densities using trapezoidal barrier
model are consistent with the experimental results given by
Aperathitis [13].

3.2. A theoretical study on the total photo generated current
densities for the QWSCs with and without antireflection
coating

We shall now consider the case when ZnS antireflection
coating has been applied to the front surface of the QWSC
and will study the results theoretically. For this purpose four
samples of QWSC have been considered here, each having
different well width and barrier width, which are given in
Table 3. In consistence with the previously reported results,
the number of wells has been assumed to be 39. The junction
area of each QWSC is considered to be 1.0 = 10~ cm? .

Table 3. The values of the well widths and the barrier widths
in the intrinsic MQW regions for different samples of
AlGaAs/GaAs QWSCs

Name of Samples Well Width in Barrier Width in
(nm) (nm)
Sample 3 5 5
Sample 4 10 10
Sample 5 15 15
Sample 6 20 20

The variation of the total

photocurrent density with

temperature for the four samples with and without
antireflection coating has been calculated. For this case the
wavelength of the incident light has been taken as 650 nm
and the composition x=0.36.
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Fig. 6. The variation of the total photocurrent density with
temperature for the four samples with and without
antireflection coating.

From Fig.6. it can be clearly observed that the QWSC
having ZnS antireflection coating, gives higher photocurrent
density than the cell without antireflection coating. Because
the ZnS antireflection coating minimizes the reflection loss
of incident photons.

3.3. Analytical study on the tunneling current density for the
QWSCs

The variations of the tunneling current densities for the four
different samples are calculated, with the variation of
temperature keeping the wavelength of the incident light as
650nm, x=0.36 and considering ZnS antireflection coating
in front of the cell.

7 T T T T T T T T
~—— For Sample 3
64 - = - For Sample 4 4
+«+- For Sample 5
~ == For Sample 6

240 260 280 300 320 340 360 380
Temperature T in (K)

Tunneling Current Density Jyy In (mNcmz)
-

Fig. 7. The variation of the tunneling current density with
temperature for different samples.
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The tunneling current has been plotted as a function of
temperature for all the four samples in Fig.7. From the figure
it can be observed that the tunneling current decreases with
the increase in temperature. It may be due to the fact that
with the increase in temperature the occupation probability
decreases and consequently the number of available carriers
to tunnel through barriers decreases, resulting in a decrease
in tunneling current. It is also observed that, the tunneling
current density decreases with the increase in barrier-width,
which is quite evident.

The variation of tunneling current density for the four
samples have been calculated as a function of the
wavelength of the incident photon flux at room temperature
T=300K and taking x=0.36. The results are shown in Fig.8.
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Fig.8. The variation of tunneling current density with
wavelength of the incident photons for different samples.

It is observed that the tunneling current first increases and
then decreases as the wavelength of the incident light
increases. For very short values of wavelengths, the
tunneling current is small. This may be due to the fact that in
the short wavelength region the absorption coefficient is
high and in this case most of the carriers are generated near
the front ohmic contacts and recombine very quickly before
reaching the MQW region. As a result the number of carriers
available to tunnel through the barrier decreases, resulting in
lower tunneling current density. As the wavelength of the
incident photon flux increases, the absorption coefficient of
the QWSC decreases and photons corresponding to these
larger wavelengths get absorbed in the QWSC. These
photons excite the carriers from the lower states to the higher
excited states and the carriers can achieve enough energy to
tunnel through the barriers, producing higher tunneling
current density. But for wavelengths above about 0.55um,
the energy of the incident photons may not be enough to
excite the carriers for tunneling. So above this wavelength of

the incident photon flux the tunneling current density
gradually decreases.

4. Conclusion

The analytical work presented in this paper has been carried
out for an AlGaAs/GaAs multiple quantum well solar cell,
assuming that the barriers generated in the MQW region are
trapezoidal in nature. Results obtained from the above
analysis have been shown graphically. The variation of the
tunneling current density, thermionic current density and
photo-generated current density with temperature has been
shown graphically corresponding to two experimental
samples. A simple comparison with the theoretical results
obtained in this paper has been done with the very few
experimental data available in published literature. Here it
has been shown that with the introduction of a ZnS
antireflection coating in front of the QWSC, the photocurrent
density increases in comparison with the case where no anti
reflection coating has been added. It is observed that the
tunneling current of the QWSC strongly depends on
temperature of the cell and on the wavelength of the incident
photon flux. With increasing temperature the tunneling
current decreases.
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