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Abstract. We report the numerical analysis of p-GaAs/n-GaAs tunnel junction employing 
InAs as the intermediate layer at the junction. Incorporation of this intermediate layer 
introduces an intermediate level at the junction bandgap leading to enhanced tunneling of 
carriers. By doing so, we obtain a two order of enhancement in the tunnel current. Furthermore, 
the performance of GaInP/GaAs dual-junction solar cells using the TJ with InAs intermediate 
layer is calculated under concentrated suns condition and it shows a conversion efficiency 
exceeding 30% under 1800 suns condition. 

 

1.  Introduction 
A tunnel junction (TJ) supplying high current is one of the key requirements to achieve high efficiency 
in high concentrated photovoltaic (CPV) applications. Recently, multi-junction solar cells using 
Ga0.51In0.49P (1.9 eV band gap), GaAs (1.43 eV band gap) and Ga0.69In0.31As (1.0 eV band gap) have 
been reported having a conversion efficiency of 44.4% at 302 suns [1]. To operate the solar cells under 
high concentrated sun (>1000 suns) condition, the TJ that interconnects the sub-cells must provide 
efficient current transport with small voltage loss by generating high tunnel current [2, 3]. Several 
methods have been reported to accomplish an increase in the tunnel current, and one such method is 
by introducing ErAs recombination centers as an intermediate level between the junction interface [4, 
5]. It halves the current path length and thus increases the tunnel current drastically. This is because 
the tunneling probability is related to the inverse exponential of the path length. With the presence of 
an intermediate level in the junction, peak tunnel current density (Ipeak) increases by the factor of 2. 
However, ErAs has a rock-salt crystal structure which is quite dissimilar to the crystal structure of 
conventional semiconductors used in realizing multi-junction solar cells. This dissimilar crystal 
structure degrades the device performance due to the introduction of high density of Ga-antisite 
defects originating from the interface between zinc blende and rock salt structure. As an alternative, 
InAs (0.35 eV band gap) which has a zinc blende crystal structure similar to that of semiconductor 
materials used in III-V solar cells can possibly introduce intermediate level at the junction interface by 
utilizing their lower band gap energy as compared with the other alternative TJ materials such as 
GaInP, Al0.38Ga0.62As (1.9 eV band gap) and GaAs without introducing serious defects. Experimental 
demonstration of this concept has already has been reported, which shows two orders of Ipeak 
enhancement in GaAs TJ with InAs quantum dot as the intermediate level [6]. However, numerical 
simulation of TJs employing intermediate level has not been well studied yet. In this paper, we report 
the numerical analysis of GaAs TJ employing InAs intermediate level and GaInP/GaAs dual-junction 
solar cells employing the TJ under concentrated suns condition. 
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2. Theoretical models for numerical simulations
2.1 Carrier statistics model 
The carriers in the highly doped degenerate layers in which Fermi level no longer exists in the band 
gap obey a different statistical behavior as compared with non-degenerate semiconductors which 
obeys Boltzmann statistics. To operate the p-GaAs/n-GaAs structure as a TJ, the two oppositely doped 
layers should be highly doped. Furthermore, band gap narrowing effect and Fermi-Dirac statistics 
must be considered to accurately analyze the behavior carriers in highly doped regions. The band gap 
narrowing effect is related to doping concentration of the layer, and expressed as 
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where constant A and B are 9.0x10-3 eV and 1.0x1017 cm-3, respectively, obtained from Slotboom [7], 
and N represents the doping concentration. The amount of bandgap narrowing for a doping 
concentration of 1019 cm-3 was about 61 meV. Fermi-Dirac statistics describes the probability that an 
available electron state with energy E is occupied by an electron and is given by 
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In the limiting case, ε − 𝐸! ≫ 𝑘𝑇, equation 2 has much simpler form like f 𝜀 = 𝑒𝑥𝑝 !!!!
!"

 referred 
to as Boltzmann statistics. However, we used Fermi-Dirac statistics because the limiting case is not 
applicable for highly doped material.  

2.2 Tunneling model 
Tunneling at the TJ is basically driven by the real spatial transport of carriers through the barriers. This 
non-local band-to-band tunneling can be significant for small tunneling path length. Tunnel current 
density for an electron with longitudinal energy 𝐸 and transverse energy 𝐸! is given by

J 𝐸 = !
!ħ

𝑇 𝐸 𝑓! 𝐸 + 𝐸! − 𝑓! 𝐸 + 𝐸! 𝜌 𝐸! 𝑑𝐸𝑑𝐸!                          (3)
where T(E) is the tunneling probability for an electron with longitudinal energy 𝐸 and 𝜌 𝐸!  is the 2D
density of states corresponding to the two transverse wavevector components. 𝑓! and 𝑓! represenets the
Fermi-Dirac functions on the left and right hand side of the junction. 
The tunneling probability is calculated using the WKB approximation and it is given by 

T 𝐸 = 𝑒𝑥𝑝 −2 𝑘 𝑥 𝑑𝑥!!"#
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(4) 
where 𝑥!"#$" and 𝑥!"# are the start and end points of the tunneling paths. The commercial Silvaco
Atlas 2D TCAD provides these non-local tunneling band-to-band model and WKB approximation for 
the tunneling probability and our simulations were performed by using these models [8]. 

3. Simulation procedure
Prior to analyzing the GaInP/GaAs dual junction solar cell, p-GaAs/n-GaAs TJ structures were 
analyzed. Two different TJ structures with fine mesh structures were generated (Fig. 1). The reference 
structure (Fig. 1(a)) was a GaAs tunnel diode with 25 nm-thick p+GaAs and n+GaAs, and the doping 
concentration of the compositing layers was in the range from 1018 cm-3 to 1020 cm-3. The mesh 
structure was defined by five separate divisions of 100 um-thicknesses along horizontal direction, and 
one hundred separate divisions of 50 nm-thicknesses along vertical direction. The direction of the 
current flow was also along the vertical direction. In addition, two hundred separate divisions of 30 
nm-thicknesses along vertical direction near the junction were generated for the accurate calculation of 
non-local band-to-band tunneling modeling. For the second structure (Fig. 1(b)), InAs intermediate 
layer was inserted at the junction interface of the reference TJ. The same mesh structure was employed 
for the calculation since the number of meshes can possibly affect the accuracy of simulations. By 
using the above TJ structures, we calculated I-V curve and extracted Ipeak and peak voltage (Vpeak) 
which are shown in Fig. 1(c). First, the doping concentrations of p-GaAs and n-GaAs region of the 
reference TJ and TJ with InAs intermediate level was varied to compare their performance, and the 
resulting Ipeak contour plots were generated. Second, the doping concentration, doping type and 
thickness of InAs intermediate layer was varied to find out the effect of these parameters on the TJ 
current. During the calculations, the doping concentration of p-GaAs and n-GaAs was fixed at 4x1019 
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cm-3 and 1019 cm-3. Next, TJ employing InAs intermediate layer was incorporated in the GaInP/GaAs 
dual-junction solar cell (Fig 2). InAs was n-doped with a carrier concentration of 1019 cm-3 and the 
thickness was 3.7 nm. Additionally, current matching between GaInP and GaAs subcells was applied. 
SiO2/Si3N4 double layer anti-reflection coating (DARC) ensured the reduction of surface reflection and 
metal shadowing area was assumed to be 5% of whole area. Solar spectrum with an air mass 1.5 
global (AM 1.5G) under normal solar incidence was used in simulations. The performance of the solar 
cell was calculated up to 2000 concentrated suns condition.

Figure 1 (a) Reference structure (b) TJ with InAs intermediate layer, and (c) I-V 
curve for the reference structure and TJ structure with InAs intermediate layer 

Figure 2 GaInP/GaAs dual-junction solar cell structure 

4. Results and discussion
By varying the p and n GaAs doping concentration, the contour plot describing the minimum required 
doping concentration in order for the solar cell to operate in 100 suns (1.3 A·cm-2) and 1000 suns (13 
A·cm-2) are illustrated in Fig. 3. It clearly shows that the TJ structure with InAs in the intermediate 
level requires lower doping concentration than the reference TJ. In addition, for the same doping 
concentration, a two order enhancement for Ipeak was obtained in TJ with InAs in the intermediate level 
compared to that of the conventional one as expected since the tunneling probability is proportional to 
inverse exponential of the tunneling path. The presence of InAs intermediate level divided the 
tunneling path length in to half resulting in a large increase of tunnel current. However, at higher 
doping concentrations (>5×1019 cm-3), there was only an order of enhancement since the tunneling path 
length was already short enough in this condition. 

Figure 3 Contour plots of Ipeak for (a) the reference TJ and (b) TJ with InAs as the intermediate level 
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Further simulations were done by varying the p and n doping concentration and thickness of 
InAs layer. It was found that n-type doping for InAs was suitable, while p-type doping was not 
suitable for enhancing the tunnel current. With the increase of n-type carrier concentration, Ipeak 
exponentially increased at ultra-high doping concentration region (Fig. 4). This is because of the band 
alignment which aids the electron tunneling. In the GaAs/InAs system, conduction band offset is 0.69 
eV and valence band offset is 0.38 eV [9]. Since the conduction band offset is larger than valence band 
offset, using the intermediate level at the conduction band (Fig. 5(b)) provides shorter tunneling path 
length than the case when intermediate level is used at the valence band (Fig 5(a)). However, Vpeak was 
similar regardless of the change in doping concentration because it largely depends on the doping 
concentration of p and n GaAs regions rather than that of InAs region. For varying InAs thickness, it 
was found that Ipeak increased continuously (Fig. 6(a)). This is attributed to the formation of 
intermediate level, and as a result more carriers could tunnel across the p+GaAs and n+GaAs sides 
compared to the case when intermediate level was absent. Thus, as the InAs thickness was increased, 
the tunnel current also increased.  

Figure 4 Variation of tunnel current as a function of (a) p doping and (b) n doping of InAs 

It was also found that GaInP/GaAs dual-junction solar cells with TJs employing InAs 
intermediate level operated well up to 2000 suns condition. The conversion efficiency was over 30% 
up to 1800 suns and there was no significant degradation in efficiency caused by absorption at the 
InAs layer (Fig. 6(b)). This was because the thickness of InAs was small enough to cause any 
appreciable optical loss. Incorporation of InAs intermediate level provided about 400 times larger Ipeak 
than normal GaAs TJ and it could also enable the operation of solar cell under high concentration 
suns. For a normal GaAs TJ, the solar cell could only operate up to a low concentration of 10 suns. 

Figure 5 Band diagrams of p-GaAs/n-GaAs TJ with InAs intermediate layer.  (a) shows the case when InAs is p 
doped and (b) denotes the case when InAs is n doped. 
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Figure 6 (a) Ipeak and Vpeak of GaAs TJ with InAs intermediate layer for various interlayer thickness 
and (b) performance of GaInP/GaAs dual-junction solar cells using InAs intermediate level 

5. Conclusion
The performance of GaAs TJ with InAs embedded as the interlayer at the junction was evaluated using 
Silvaco 2D TCAD. It was found that TJ with InAs incorporated at the junction introduced an 
intermediate level in the bandgap resulting in about two order of increment in Ipeak. We investigated 
about the type of doping suitable for the InAs interlayer, and found that n-type doping was the 
appropriate one. With increasing thickness of InAs layer, Ipeak also increased, which was due to the 
increase in tunneling by the presence of intermediate layer. In addition, we also studied the 
performance of GaInP/GaAs dual-junction solar cells employing InAs as the intermediate level, and 
found that it operated up to 2000 suns condition and maintained energy conversion efficiency nearly 
30%, while without InAs interlayer, the operation was limited only to low concentration of 10 suns. It 
could be expected that incorporating interlayer to various TJs of solar cells could result in improved 
performance of concentrated photovoltaics. 
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