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We design a thermo-photovoltaic Tandem cell which produces
high open circuit voltage (Voc) that causes to increase efficiency
(g). The currently used materials (AlAsSb–InGaSb/InAsSb) have
thermo-photovoltaic (TPV) property which can be a p–n junction
of a solar cell, but they have low bandgap energy which is the rea-
son for lower open circuit voltage. In this paper, in the bottom cell
of the Tandem, there is 30 quantum wells which increase absorp-
tion coefficients and quantum efficiency (QE) that causes to
increase current. By increasing the current of the bottom cell, the
top cell thickness must be increased because the top cell and the
bottom cell should have the same current. In the top cell, by
increasing the thickness, absorption coefficients and quantum effi-
ciency increase that causes to increase the current. Current incre-
ment is also the second factor that causes to increase overall
efficiency.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In the quest for renewable energy sources, mankind has placed great interest and re-sources
toward the progression of photovoltaic. As this interest has grown, various types of solar cells have
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been produced: organic, thin films II–IV, single crystalline silicon, single-junction III–V, Tandem and
multi-junction (MJ) III–V cells [1].

Using Tandem solar cells is one of the methods to achieve high efficiency in transforming solar
energy into electricity. These solar cells made of III–V semiconductors can be arranged in a cascade
architecture which increases their efficiency. A tunnel diode structure is thus normally used. The opti-
cal and electrical losses of these diodes must be as low as possible in order not to affect the increased
efficiency of the cells. A small thickness of cascaded layers and large rates of Ip/Vp can lower the optical
and electrical losses, respectively. On the other hand, in the process of tunnel diode production, high
density of dopants will result in crystal defects and light absorption. Also unwanted diffusion of
impurity atoms may occur when subsequent layers are grown [2].

In multi-junction solar cells such as Tandem, each cell converts a portion of the solar spectrum into
electrical energy that causes the optimized use of the spectrum [3].

Tandem is made when the junctions are stacked on top of one another in series, the cells can be
modeled as an equivalent series circuit such that the output current would be limited by the junction
to produce the least amount of current. So, to increase the least amount of the current, a technology
such as QWs can be used. On the other hand, the voltages of each junction must add to each other [1].

The trade-off between incorporation of a sufficient number of quantum wells ensures high photon
absorption efficiency and increased short-circuit current. That is, extending of absorption spectrum
leads to longer wavelengths [4].

The rate of radiative emission from the QWs can be calculated from the knowledge of the absorp-
tion coefficient and applying the principle of detailed balance [5].

Thermo-photovoltaic (TPV) systems are subsequently converted into electron-hole pairs via a low-
bandgap photovoltaic (PV) medium; these electron-hole pairs are then conducted to the leads to pro-
duce a density current [6]. The obvious difference between solar photovoltaics and thermo photovol-
taics is that a TPV system generates its own light. As a result, high efficiency is possible by tailoring the
emission spectrum to match the spectral response (or quantum efficiency) of the TPV cells [7].

III–V group semiconductors are suitable for TPV cells since their narrow direct band-gaps in a range
from 0.3 eV to 0.7 eV closely match to the peak wavelength of the thermal source [8].
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Fig. 1. A double junction AlAsSb–InGaSb/InAsSb Tandem solar cell.



Table 1
Charactistics of the first cell.

Window Emitter Base BSF Buffer

Material AlAsSb InGaSb InGaSb AlAsSb InGaSb
Thickness (lm) 0.015625 0.026 0.05 0.003125 0.009375
Doping (cm�3) 5e19 4.64e17 1e17 5e19 1e18

Table 2
Charactistics of the second cell.

Window Emitter Base BSF Buffer

Material InGaSb InAsSb InAsSb InGaSb InAsSb
Thickness (lm) 0.01 0.01 0.44 0.2 0.3
Doping (cm�3) 4.64e17 4.64e15 1e17 5e19 7e18

Table 3
Parameters of material.

Material X Y Eg Affinity Permittivity

AlAsSb – 0.042 1.69 3.6105 11.957
InGaSb 0.923 – 0.675 4.1 15.845
InAsSb – 0.857 0.32 4.856 15.8146
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Fig. 2. EQE characteristics of a top cell with various thickness.
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Many III–V group semiconductors, such as InGaSb, InAsSb and AlAsSb have been investigated for
TPV applications [9–12].

In this paper, monolithically stacked AlAsSb/InGaSb–InAsSb Tandem TPV cell with MQW is
designed and simulated. The characteristics of the AlAsSb/InGaSb–InAsSb Tandem TPV cells, including
absorption coefficients and quantum efficiency I–V curve, Pmax, Voc, and Jsc, are analyzed. We try to
increase open circuit voltage along with proportional suitable short circuit current. So, we design a
two junction photovoltaic cell with quantum well composed of InGaSb, AlAsSb and InAsSb and stimu-
late it by Silvaco software. Current–voltage curves and quantum power–efficiency are studied. At last,
this cell will be compared with three traditional Tandem thermo-photovoltaic cells.
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2. Cell structure

Fig. 1 illustrates the structure of a Tandem AlAsSb–InGaSb/InAsSb solar cell, that consists of a AlAsSb–
InGaSb p–n heterojunction as the top cell, and a InAsSb p–n homojunction as the bottom cell. The dimen-
sion, material types and doping characteristics of the top cell and the bottom cell are shown in Tables 1
and 2. The InGaSb tunnel junction with a 30 nm thickness and a heavily doped provides electrical con-
nection between top and bottom cells. However, in the thermal process of InGaSb cell production, cur-
rent–voltage behavior of this tunnel diode becomes more non-ideal and current peak decreases [2].

Photon coupling between subcells in a Tandem device has been studied in the past [5]. However, a
multi quantum well (MQW) bottom cell can be expected to make photon coupling more significant
than that of the conventional bulk devices. The top cell emitter, base, and tunnel junctions are trans-
parent to the photons that are radiated, leading to less parasitic absorption; so, a greater fraction of
photons being absorbed by the bottom cell.
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Fig. 3. Spectral directional absorptivity (emissivity) of a top cell by various thickness.
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Fig. 4. I–V curves of a top cell by various thicknesses.
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As a result, photon coupling needs to be taken into account when predicting the performance of
MQW Tandem solar cells. In other hands, subcells should be matching current. In order to achieve a
suitable current in second cell, twenty five wells made of InAsSb with thickness of 11.7 nm and twenty
five barriers made of InGaSb with thickness of 41.5 nm are applied.

In this paper, we used materials that have crystal lattice matching. The place of these materials is
6.12 Å which is seldom used. The characteristics of these materials used in this cell are listed in
Table 3.
3. Models

In this paper, thermo-photovoltaic cell is designed and simulated by Atlas simulator from the
Silvaco software. When a sufficiently high electric field exists within a p–n junction, local bands
may bend sufficiently to allow electrons to tunnel, by the means of internal field emission, from the
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Fig. 5. FF and efficiency of a top cell by various thickness.
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valence band into the conduction band; Meanwhile, a symmetric behavior occurs for the holes. An
additional electron, therefore, transfers to the conduction band, and a hole transfers to the valence
band. Local band-to-band tunnelling models can be employed to reproduce the behavior of such
devices. These models, when implemented inside a technology computer-aided design (TCAD)
environment, use the electric field value at each node along the junction to give a generation rate
at that point due to tunnelling. In reality, the tunnelling process is nonlocal, and it is necessary to
account for the spatial profile of the energy bands. The model assumes that the tunnelling is 1-D in
nature; so, it can be calculated by using a special rectangular mesh of nanometer size superimposed
over and coupled to the ATLAS regular mesh [13]. SRH, Auger and surface recombinations are chosen
for the carrier recombination models [14]. We can enable the quantum well model by specifying
QWELL in the REGION or MODELS statement. The orientation and dimensionality of Schrodinger sol-
ver is set by SP.GEOMETRY parameter on the MODELS statement with a default of 1DY.Alternatively,
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we may solve 1DX and 1DZ cases [14]. In simulating of thermo-photovoltaic cell, blackbody spectrum
of 5800 K is applied. In special application, this spectrum, along with environment temperature, will
change.

Voc, Isc, FF, g and quantum efficiency are important index for a solar cell. Atlas simulator calculates
Voc and Isc of p–n junction, but the fill factor (FF) and power conversion efficiency (g) were calculated
by using equations below. The fill factor, FF is the ratio of maximum power point (Pm) divided by the
Isc and Voc, and that is:
FF ¼ ImVm

IscVoc
¼ Pm

IscVoc
ð1Þ
The energy conversion efficiency of solar cell, g is the comparison of maximum power point of cell, Pm

to input light from source, Pin, [15]
g ¼ Pm

Pin
� 100% ¼ FF � Isc � Voc

Pin
� 100% ð2Þ
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Fig. 9. (a) Voc and Isc, (b) FF and efficiency of a top cell with various thicknesses.
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4. Simulation results

We derived absorption coefficients, quantum efficiency, I–V and variety of Voc, Isc, FF via the thick-
ness in top cell and via number of MQW in the bottom cell [16]. Finally, we select suitable thickness
for top cell and suitable number of MQW for bottom cell because these cells must have current match-
ing for optimization of result.

Junction thickness is a critical design parameter for single-junction solar cells. To make the discus-
sion more general and more useful for practical devices, the effective absorption (i.e., the ‘‘optical
thickness’’ of a solar cell junction), which is strongly material dependent is investigated, rather than
the physical thickness of the junction. Using a AlGaSb–InGaSb single-junction solar cell with different
thicknesses, we have plotted the energy quantum efficiency via the effective absorption for the black-
body 5600 K solar spectrum as shown in Fig. 2.

In first step, we focus only on the optical properties of our cells, i.e., on the quantum efficiency and
absorption coefficient. By increasing the thickness of the cell, according to Fig. 2, wide spectrum is
increased and according to Fig. 3, the wide spectrum photons can be absorbed efficiently.

According to Figs. 4 and 5 Voc, Isc, g and FF are increased by increasing the absorption coefficient
and quantum efficiency. Increasing of these parameters is not linear.

InAsSb is used for the bottom cell. The quantum efficiency and absorption coefficient are shown in
Figs. 6 and 7. This cell has a little Isc. We want to increase Isc. So, we should use the QWs. According to
Figs. 6 and 7, with increasing number of stack QWs, quantum efficiency and absorption coefficient are
increasing, until the number of the stacks be 25. Quantum efficiency is almost constant and absorption
coefficient is a little various for 25,30,35 and 40 stacks.

The I–V curves for the bottom cell with different numbers of QWs are plotted in Fig. 8. Isc, Voc, g and
FF with different numbers of QWs are plotted in Fig. 9. These figures show Isc and to increase and Voc

and FF to decrease.
Isc and g are not big various between 20 and 35 QWs stack. Maximum Isc and g is calculated for

25 QWs stack.
When the top cell is stacked on the bottom cell in series, if the top junction in a Tandem solar cell

generates more current than the limiting current in the other subcells, the extra current will be redis-
tributed to increase the limiting current in the lower subcells. This is achieved by thinning the top
junction to allow some of the spectrum to get absorbed, instead, in the lower cells. This redistribution
of the solar spectrum between the subcells results in a higher limiting current. According to Fig. 10, If
the top cell has more thickness, this cell will absorb more spectrum; so, the bottom cell gets the
remaining solar spectrum and generates less current. It causes to generate less current as shown in
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Fig. 11, because the top and bottom cells should have matching current. In other hands, the top cell
should generate a current, then the bottom cell will also generate the same current with the remaining
solar spectrum that it can absorbed. In Fig. 11(a), the top cell has 0.104 lm and generates 3.42 A and as
a result, the Tandem cell has 3.42 A current. In Fig. 11(b), the top cell has 0.156 lm and generates 4.2 A
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and Tandem cell has 3 A. This different current is shown in Fig. 11(c). Voc in both of the cells is constant
and efficiency is increased.

The Tandem TPV cells are simulated with the optimized parameters listed in Tables 2 and 3. The
TPV cell area (Wcell) is 500 lm � 500 lm. The radiation temperature (Trad) is 5600 K, with the cell tem-
perature (Tcell) of 300 K Fig. 11(b) shows the I–V curves of the Tandem cells and of the single-cells.
Comparing with the seldom reported GaSb–GaInAsSb Tandem TPV cells in Refs. [8,17 and 18], which
acquire a maximal Voc of 1.8 V; the Voc of the InGaSb–InAsSb Tandem TPV cells we simulated is as high
as 1.8 V. It proves that the structure of our Tandem TPV cell is more advanced. The result shows that Ps

of the Tandem cells is more than those of the InGaSb and the InAsSb cells.

5. Conclusion

A new structure is proposed for the Tandem thermo-photovoltaic solar cells that has more Voc and
efficiency.

The current, voltage, efficiency, and FF versus quantum efficiency and absorption coefficient for
three solar cell structures have been investigated by using the two-dimensional numerical photovol-
taic cell simulator Silvaco/Atlas. The Tandem TPV cells consist of a InGaSb heterojunction as the top
cell and a InAsSb homojunction as the bottom cell. Matching current between the top cell and bottom
cell is very important and current of each cell depends on the structure of the cells.

For further improvements of the Tandem cell performance, in order to increase the collection
efficiency of the photon-generated carriers, the Tandem cell is converted to three junction solar cell
by quantum dot technology.
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