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In this paper, numerical analysis of GaSb (E; = 0.72 €V)/Gag g4Ing.16A50.14Sbg g6 (Eg = 0.53 €V) tandem thermopho-
tovoltaic (TPV) cells is carried out by using Silvaco/Atlas software. In the tandem cells, a GaSb p—n homojunction is used
for the top cell and a GalnAsSb p—n homojunction for the bottom cell. A heavily doped GaSb tunnel junction connects the
two sub-cells together. The simulations are carried out at a radiator temperature of 2000 K and a cell temperature of 300 K.
The radiation photons are injected from the top of the tandem cells. Key properties of the single- and dual-junction TPV
cells, including /-V characteristic, maximum output power (Pmax ), open-circuit voltage (Voc), short-circuit current (Is),
etc. are presented. The effects of the sub-cell thickness and carrier concentration on the key properties of tandem cells are
investigated. A comparison of the dual-TPV cells with GaSb and GalnAsSb single junction cells shows that the Ppax of
tandem cells is almost twice as great as that of the single-junction cells.
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1. Introduction

Thermophotovoltaic (TPV) cells based on the photo-
voltaic effect are of great importance for energy conversion
devices in a temperature range of 1000 K-2000 K. 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 the peak wavelength of the thermal source.l'! Many
III-V group semiconductors, such as GaSb, InGaAsSb, In-
GaAs, and InAsSbP, have been investigated for TPV appli-
cations. A comparison of fabrication techniques and charac-
teristics among those TPV cells shows that GaSb-based TPV
cells have obvious advantages in commercial applications.!?]

GaSb-based TPV cells have been developed for decades.
For a two-step diffusion fabricated GaSb TPV, its V. is 0.45 V,
and the fill factor (FF) is 0.72.3- Quaternary InGaAsSb al-
loys can be achieved, which is lattice-matched to GaSb in an
adjustable wide range of band-gap from 0.29 eV to 0.72 eV.
GalnAsSb TPV cells have been successfully grown by metal—
organic chemical vapor deposition (MOCVD)!>% and molec-
ular beam epitaxy (MBE).["8] The external quantum effi-
ciency (Qgext) is 65%, the FF is 0.67. There are two major
methods to achieve high efficiency of TPV cells. One is to
employ narrow direct band-gap materials as discussed above;
the other is to use tandem TPV cells. Multi-junction structures
are widely used in solar cells,!” one of which has a high effi-
ciency of 41.4%.!'%1 However, little work on GaSb—GalnAsSb
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tandem TPV cells has been reported, whose structure is simi-
lar to but not identical with that reported in this paper.3:!1-14]
In this paper, monolithically stacked GaSb—GalnAsSb multi-
junction TPV cell is designed and simulated. The characteris-
tics of the GaSb—GalnAsSb tandem TPV cells, including I-V
curve, Pnax, Voc, and Iy, are analyzed and compared with those
of single-junction TPV cells.

2. Method and structure

The tandem TPV structure consists of a GaSb p—n homo-
junction as the top cell, and a GalnAsSb p—n homojunction as
the bottom cell. The two sub-cells are connected by a heav-
ily doped GaSb tunnel junction. In order to improve Ppyax, the
band-gap of the top cell is selected to be higher than that of the
cell below it, as the wide spectrum photons can be absorbed
efficiently. Figure 1 shows the cross-sectional structure of the
single junction and the dual-junction TPV cells discussed in
this paper. For the tandem structure, the GalnAsSb p—n homo-
junction, which is lattice-matched to GaSb, is fabricated on
N-type GaSb substrate as the bottom cell. A heavily doped
GaSb p—n homojunction as the tunnel junction is stacked on
the GalnAsSb cell. The top cell is GaSb p—n homojunction
with P-type ZnS (E; = 3.7 €V) as the windows layer. The
simulation is carried out at a radiator temperature of 2000 K
and cell temperature of 300 K. The photons are injected from
the top of each cell shown in Fig. 1.
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Fig. 1. Schematic cross sections of the simulated GaSb, GalnAsSb single TPV cell, and GaSb—GalnAsSb tandem TPV cell.

Table 1. Parameters of GaSb and Gag g4Ing 16As0.14Sbg g6 for the TPV
cell simulation.

Parameters (300 K) GaSb Gay g4Ing 16As0.14Sbg 86
EoleV 0.726 0.532
Ne/em ™3 5.44x10"7 1.7x10"7
Ny/em™3 4.78x10'8 5.3x10'8
€ 15.7 15.63
xleV 4.06 4.15
(Umax.e/Mmin-e)/em* Vs~ 5650/1050 8920/610
(Umax-h/Mmin-n)em?-VLg~1 875/190 420/110
Tels 1x10°6 1x1077
Tols 1x10°° 1x1077
Blem?3-s~! 1.34x10°10 5.5x107 1!
Caelem®.s~! 4.19x10~% 1.07x10~%7
Can/cm®.s~! 3.92x10°28 2.15x10~28

The simulation of the TPV cells is carried out by us-
ing the Atlas simulator from the Silvaco software package for
optoelectronic devices.!!'> Taking into account both accuracy
and practicability, the Caughey—Thomas theory is chosen for
the carrier concentration and temperature-dependent mobility
model. SRH, Auger and surface recombination are chosen for
the carrier recombination models. There are several models
for tunnel junctions. The two main models are the band-to-
band tunneling model and the non-local band-to-band tunnel-
ing model. The first model uses the electric field value at each
node to give a generation rate at that point due to the tunneling.
In reality, the tunneling process is non-local, and it is necessary
to take into account the spatial profile of the energy bands. It
is also necessary to take into account the spatial separation of
the electrons generated in the conduction band from the holes
generated in the valence band. Adachi’s dispersion model is
used for optical simulation. The accuracy of this simulation
tool strongly depends on the accuracy of the material parame-
ters used in constructing the above models.!'®!7l The material

parameters of the GaSb and GalnAsSb are summarized for the
simulation in Table 1. Since the TPV cells have almost the
same theory as solar cells, similar common approaches to the
study of the tandem solar cell system are employed for the
tandem TPV cells.!!3:19]

3. Results and discussion

3.1. Comparison of the P-N structure with the N-P struc-
ture

The GaSb and GalnAsSb single-cells are first modeled
and simulated individually. In this way, their structure (N-P
junction or P-N junction) can be optimized and chosen. Fig-
ures 2 and 3 show the /-V curve of GaSb cell and GalnAsSb
cell with different thickness values of emitter and base regions,
respectively. Ppax is also achieved and marked in Figs. 2 and
3. In Figs. 2(a) and 2(b), the thickness values of both base
and emitter have little influence on V... The main differ-
ence between the two structures is that Py,x and I of N-P
structure are a little higher than those of the P-N structure.
For the GalnAsSb N-P structure, region thickness has the
same influence on Py,x as the GaSb N-P structure. However,
in the P-N structure, as the P-type region thickness (H,) is
much larger than N-type region thickness (H,), it leads to
higher I, Pnax, and smaller V. than those in the case of
H, < H,. It indicates that if P-type GalnAsSb as the emit-
ter in the P—N structure is the main photon absorption area,
the efficiency of the photon-generated carriers and Pyax could
be raised. The minority carrier diffusion length (L. p/LhN)
is an important parameter in determining the carrier collec-
tion efficiency.!?"! In the P-type GaInAsSb, since the minority
carrier mobility (U p) is much higher than the majority car-
rier mobility (thp), Lep > Lnn. Thus, it is concluded that
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P-N structure GalnAsSb TPV cells have higher Pp,x than
N-P structure GalnAsSb TPV cells with the same emitter and
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Fig. 2. (color online) (a) I-V curves of N-P GaSb TPV cell with dif-
ferent emitters and base thickness values; (b) I-V curve of P-N GaSb
TPV cell with different emitters and base thickness values.
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Fig. 3. (color online) (a) I-V curve of an N-P GalnAsSb TPV cell with
different emitters and base thicknesses; (b) -V curve of P-N GalnAsSb
TPV cell with different emitters and base thickness values.

base thickness, which is also proved in Fig. 3. In the follow-
ing discussion, we mainly focus on tandem cells with the P-N
structure.

3.2. Effect of region thickness

In this section, different base and emitter thickness values
in the top and bottom cells are simulated, respectively. Ppax.,
Voc, and I of the tandem TPV cell are presented for a variety
of thickness values.

Varying Pax

4.5 T T T T T T
(@) |
o 3.51
o
\ml -
~
z —— emitter thickness =0.05 ym
Q:: 2.5t —— emitter thickness =0.5 pm
—— emitter thickness =1 ym
I emitter thickness =3 pm
—— emitter thickness =5 ym
1.5 . . - . . . y .
0 1 2 3 4 5
Base thickness/pm
0.84 Varying Vo
0.80

Voe/V

—— emitter thickness =0.05 ym
0.76 [ —— emitter thickness =0.5 pym 1
—— emitter thickness =1 ym

emitter thickness =3 pm 1
—— emitter thickness =5 ym

R H B e B

Base thickness/pm

Varying I

"—— emitter thickness=0.05 pm
—— emitter thickness =0.5 um T
—— emitter thickness=1 uym 4

emitter thickness =3 um
—— emitter thickness =5 ym

0 1 2 3 4 5
Base thickness/pm

Fig. 4. (color online) Simulated (a) Ppax, (b) Voc, and (c) Iy versus base
thickness of top cell with a variety of emitter thickness values.

Figure 4 presents the effects of the emitter and base thick-
ness parameters of the top cell on Pyax, Voc, and Iy, respec-
tively, with the other parameters listed in Table 1 kept un-
changed. Figure 4 indicates that Py,x of tandem cells is de-
creasing with both emitter and base thickness of top cell in-
creasing. While the emitter thickness values are in a range
of 3 um to 5 um, Ppax almost stays constant. For an emitter
thickness thinner than 3 pum, Py, increases rapidly with base
thickness decreasing. The reason is that the region thickness
of the top cell should be thick enough to ensure that more pho-
tons, which are not absorbed by the top cell, can reach the bot-
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tom cell. However, there is a singularity in Fig. 4(a), where the
base thickness and the emitter thickness are both 0.05 um. As
discussed in Subsection 3.1, the P-type region is the main pho-
ton absorption area. Therefore, increasing of the P-type region
thickness is conducive to a higher collection efficiency of the
photon-generated carriers. However, based on photovoltaic
theory, the emitter thickness should be smaller than L. p to ob-
tain a high collection efficiency of the photon-generated carri-
ers; meanwhile, emitter thickness should be thick enough to
fully absorb the incident light.[*!! The emitter thickness of
0.05 pm is not thick enough to absorb the incident photons,
so the Pp,x decreases rapidly.
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Fig. 5. (color online) Simulated (a) Ppax, (b) Voc, and (c) Iy versus base
thickness of bottom cell with a variety of emitter thickness values.

Figure 5 shows the effects of the emitter and base thick-
ness of the bottom cell on Py, Voc, and I, with other param-
eters from Table 1 fixed to be constant. It indicates that Py,
increases with base thickness increasing. While the base thick-
ness is higher than 3 um, Py.x almost stays constant. With
emitter thickness increasing, Pnax tends to increase first, and
then decreases as shown in Fig. 5(a). Pnax reaches its maxi-
mum value for the 3-pum-thick emitter of the bottom cell. The

reason for the emitter thickness influencing Pyax has been dis-
cussed above.

3.3. Effect of region carrier concentration

Figures 6 and 7 show the Ppax, Voc, and Iy of the tandem
cells for different emitter and base carrier concentrations of
the top cell and the bottom cell, with other parameters listed
in Table 1 keeping constant, respectively. For the top cell
in Fig. 6, Pyax decreases with the base carrier concentration
increasing and the emitter carrier concentration decreasing
separately. However, the base carrier concentration has a
stronger influence on Pp,x than that of the emitter region. Ppax
is almost constant with the base carrier concentration varying
from 1x10'7 cm™3 to 6.3x10'® cm™3.

concentration increases above 6.3x10'® cm™3, P, rapidly

As the base carrier

decreases. For the bottom cell, Pyax is almost not influenced
by base carrier concentration, but strongly depends on emitter
carrier concentration. With the emitter carrier concentration
increasing, Ppax declines overall. While the emitter carrier

concentration is in a range from 1017 ecm™3 to 10! ¢cm3,
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Fig. 6. (color online) Simulated (a) Ppax, (b) Voc, and (c) I of tan-
dem cells versus base carrier concentration for different emitter carrier
concentrations of the top cell.
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Fig. 7. (color online) Simulated (a) Ppax, (b) Voc, and (c) I of tan-
dem cells versus base carrier concentration for different emitter carrier
concentrations of the bottom cell.

Pax 1s constant. As the emitter carrier concentration increases
above 10'8 cm™3, P« decreases rapidly. It indicates that the
decrease of the emitter carrier concentration of the bottom cell
improves Le p and finally leads to the increase of Ppax.

The tandem TPV cells are simulated with the optimized
parameter listed in Table 2. The TPV cell area (W) is
500 umx500 pm. The radiation temperature (T;oq) is 2000 K,
with the cell temperature (T¢ey) of 300 K. Figure 8 shows the
I-V curves of the tandem cells and the single-cells. Compar-
ing with the seldom reported GaSb—GalnAsSb tandem TPV
cells in Refs. [3] and [12], which acquire a maximal V. of
0.65 V; the V. of the GaSb—GalnAsSb tandem TPV cells we
simulated is as high as 0.76 V. It proves that the structure of
our tandem TPV cell is more advanced. The result shows that
Prax of the tandem cells is 2.0 and 1.9 times those of the GaSb
and the GalnAsSb cell, respectively.
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Fig. 8. (color online) /-V curves of the optimized tandem cells, the
GaSb cell, and the GalnAsSb cell.

Table 2. Optimized tandem cell parameters for device simulation.

WCEHZSOO um><500 wm, de = 2000 K, Tcell =300K,

Top cell Bottom cell
Emitter Base Emitter Base Windows BSF
Thickness/pm 0.1 0.5 1 3 0.05 0.03
Concentration/cm—> 1x10" 1x107-5%10'8 1x107-1x10'8 1x10'7-1x10'8 1x 101 1x10!8

4. Conclusions

In this paper, numerical analyses are performed for the
GaSb TPV cell, the GalnAsSb TPV cell, and the GaSb-—
GalnAsSb tandem TPV cells, by using the two-dimensional
numerical photovoltaic cell simulator Silvaco/Atlas. For the
GaSb TPV cells, the P-N or N—P structures have a little effect
on Pp.x. However, for the GalnAsSb TPV cell, the P-N struc-
ture presents a higher P,y than the N-P structure, since U p is
much higher than uy, p in P-type GalnAsSb material. The tan-
dem TPV cells consist of a GaSb homojunction as the top cell
and a GalnAsSb homojunction as the bottom cell. Based on
the simulation results, with emitter and base thickness of the

top cell increasing, the Py« of the tandem cells decreases. For
the bottom cell, the Pp,x increases rapidly as the base thick-
ness of the bottom cell increases. However, when the base
thickness increases above 3 um, Py, 1S constant at a maxi-
mum value. For the effects of carrier concentration on Ppax
of the top cell and the bottom cell, with base carrier con-
centration increasing, Ppax declines overall. In the top cell,
Prax is somewhat influenced by the emitter carrier concentra-
tion, but it is strongly influenced by base carrier concentra-
tion. Ppax decreases rapidly with base carrier concentration
increasing. In the bottom cell, Py, is almost constant for a va-

riety of base carrier concentrations. When the emitter carrier
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concentration increases above 1x10'8 cm™3, P, decreases
rapidly. Simulating with device parameters fixed to be con-
stant, Ppax of the tandem TPV cell is almost 2 times that of
the single-cells. For further improvements of the tandem cell
performance, in order to increase the collection efficiency of
the photon-generated carriers, wide band-gap lattice-matched
window layers for GaSb and GalnAsSb cell and back-surface
field cladding layers are considered to be applied to the tandem
cell structures. The tunnel junction also needs to be optimized
using different materials, such that it has a higher peak current,
thereby reducing the current loss of tandem cells.
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