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Double quantum-well tunnel junctions with high peak tunnel currents
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Lattice matched InAlGaAs tunnel junctions with a 1.18eV bandgap have been grown for a
triple-junction solar cell on InP. By including two InGaAs quantum wells in the structure, a peak
tunnel current density of 113 A/cm® was observed, 45 times greater than the baseline bulk
InAlGaAs tunnel junction. The differential resistance of the quantum well device is 7.52 x 10~* Q
cmz, a 15-fold improvement over the baseline device. The transmission loss to the bottom cell is
estimated to be approximately 1.7% and a network simulation demonstrates that quantum well
tunnel junctions play a key role in improving performance at high sun-concentrations. © 2072
American Institute of Physics. [http://dx.doi.org/10.1063/1.4722890]

Tunnel junctions (TJs), or Esaki diodes,' are an impor-
tant component of multi-junction solar cells, connecting the
subcells of a monolithic multi-junction stack in electrical se-
ries. For optimal performance, it is important that the TJ has
a high enough peak tunnel current density not to impede the
flow of photocurrent between the subcells, which can reach
tens of A/cm? in sun-concentrator applications.” Also, the
differential resistance of the tunnel diode should be as low as
possible to minimize any voltage drop across the diode. A
final consideration for solar cell applications is that the TJ
should be as transparent as possible to light below the band
gap of the cell directly above the TJ, both to minimize the fil-
tering of the light to the cell beneath and also to minimize
the possibility of photocurrent being produced by the TJ.*>~

In this work, we discuss the development of a tunnel
junction designed to operate between the middle and bottom
cells of an InP-based triple junction (3J) solar cell. InP-based
multi-junction cells are a promising route to high conversion
efficiencies in both terrestrial and extra-terrestrial environ-
ments, and there have been recent successes in developing
component cells for the InP-based 3J.° The optimum
bandgap configurations for the 3J under different spectra
were determined by Gonzalez et al.’” The middle cell
bandgap derived from this work was chosen to be 1.18¢eV,
achieved using the lattice-matched quaternary Ings;Alg 33
Gag 1sAs. A basic p"/n*" tunnel junction was produced
using this material and compared to an identical structure
containing a pair of lattice-matched Ing 53Gag 47As quantum
wells, providing much more efficient interband tunneling.
Similar structures grown by other authors have been shown
to exhibit very high tunnel currents and peak to valley ratios
(PVR) in the past.g’9 In this work, however, we examine the
trade-off in the improved tunneling characteristics and the
increased transmission loss using the quantum wells com-
pared to the bulk TJ. Using a combination of IV characteri-
zation and modeling, the relative performance of the
quantum well TJ and the bulk TJ was measured, with the
quantum well tunnel junction (QWTJ) demonstrating a
greater than 45-fold increase in the peak tunnel current and a
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greater than 15-fold reduction in the differential resistance,
with only a small impact on the transparency.

To evaluate the performance of the QWTJ versus a base-
line device, two test structures were fabricated, one of which
contained the QWT]J structure and the other contained the
conventional bulk TJ structure. The device structures are
summarized in Figure 1. The structures were grown using
solid source molecular beam epitaxy. Each tunnel junction is
surrounded by a 1500A 2x10"7cm ™3 Si-doped (n-type)

Ing 53Gag47As  buffer layer beneath and a 1500A
dinm) Bulk TJ QWTJ  d(nm)
25 p** InGaAs p** InGaAs
150 p* InAlGaAs p* InAIGaAs
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FIG. 1. A schematic diagram of the baseline bulk InAlGaAs TJ structure
(left) and the QWT]J structure, incorporating two 80 A InGaAs QWs (right).

Calculated equilibrium band diagrams for the junction region of the two
structures are shown (bottom).

© 2012 American Institute of Physics
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2% 107 cm™? Be-doped (p-type) Ing s,Alg33Gag 15As buffer
layer above. These buffer layers were chosen to resemble the
base and emitter regions of InAlGaAs and InGaAs middle
and bottom cells in a 3] architecture. A 250 A 1 x 10" cm ™
Si-doped Ings3Gag47As cap layer was used to achieve an
Ohmic contact to the front surface, and all the structures
were grown on n-type InP wafers. The baseline bulk TJ has
150 A Ings»Alg33Gag sAs 1 x 10”cm™  Si-doped and
1 x 10" cm ™ Be-doped layers. The QWTJ device has two
80 A QWs separated by a 40A Ing 50Alg33Gag 15As barrier
and with 50 A Ing 50Alg 33Gag ;sAs barriers either side, and
the QWTJ device is designed so that the total thickness and
doping are identical to the bulk TJ. The wafers were proc-
essed into circular devices with a mesa diameter of 1 mm
and the current voltage characteristics were measured using
a four point probe technique.

The equilibrium band structure of the devices was calcu-
lated using semiconductor band-solver software developed at
the Naval Research Laboratory. The software numerically
solves Poisson’s equation in one dimension for a given layer
structure, using band parameters taken from Vurgaftman
et al.'® The band diagrams for the bulk TJ and QWTJ are
shown in Figure 1. The QWT]J calculation assumed the bulk
properties of InGaAs within the quantum wells which pro-
vide a good first approximation to the band structure of the
QWT]J. However, quantum confinement effects modify the
density of states in the QW regions and, strictly speaking,
need to be accounted for, which will be the subject of further
study.

The electrical characteristics of representative diodes of
the bulk TJ and QWTJ are shown in Figure 2. The bulk TJ
demonstrated a clear negative differential resistance (NDR)
region, with a peak tunnel current density of 2.52 A/cm? and
a peak to valley ratio of 4.8. Assuming a typical triple junc-
tion 1-sun short circuit current density of 15 mA/cm?, the
peak tunnel current density corresponds to a concentration
ratio (CR) of approximately 170 suns. The differential resist-
ance of the tunnel diode was found to be 1.15 x 10~* Q cm>.
In comparison, the QWTJ demonstrated a much higher peak
tunnel current density of 112.9 A/em?, a factor of approxi-
mately 45 greater than the bulk TJ. In order to see the NDR
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FIG. 2. A semi-log plot of current density versus voltage for the bulk TJ
and the QWTJ measured using a four-point-probe technique.
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in the two devices clearly, the IV curves are presented in Fig-
ure 2 on semi-log axes. The equivalent concentration of this
current is approximately 7500 suns, which far exceeds the
requirements for terrestrial concentration applications. A
small differential resistance is extremely important for mini-
mizing voltage losses in multi-junction solar cells, and the
QWTJ exhibited a differential resistance of 7.52 x 10™* Q
cmz, which is a factor of 15.3 lower than the bulk diode. The
PVR of the QWTJ was 10.7, and it is believed that this figure
can be improved through further optimization of the barrier
and well thicknesses.

The proposed mechanism for improving the tunneling
characteristics of the diode is the efficient tunneling via the
confined electron and hole energy levels of the quantum
wells.” Using bulk materials of a narrower bandgap, such as
lattice-matched InGaAs, is well known to improve the reso-
nant interband tunneling probability’ and high peak tunnel
currents have been demonstrated using InGaAs TJs.!' How-
ever, the benefit of the InGaAs QWs with wider bandgap
barriers compared to a bulk InGaAs TJ is that efficient tun-
neling can be achieved with a much smaller impact on the
transparency of the diode. It is important that the TJ is trans-
parent to light lower in energy than the Ing 5,Alj33Gag 15As
middle cell bandgap to minimize the filtering of light to the
bottom cell. To approximate the absorption in the double
QWTJ compared to bulk InGaAs beyond the middle cell
bandgap, the absorption coefficient was calculated using the
analytical solution to the finite square well problem in the
effective mass approximation and in the absence of an elec-
tric field. This gives a rough estimate of the absorption coef-
ficient and energy level structure of each well, although in
reality the electric field across the wells significantly modi-
fies the envelope wavefunctions and confined energies.'?
The confined energy levels of the quantum wells are dis-
played in the inset to Figure 3. The density of states was cal-
culated using the familiar two dimensional density of states
expression and the absorption coefficient then calculated
using the overlap integrals deduced from the solution of the
finite QW problem and the interband momentum matrix ele-
ments. For simplicity, the Coulombic attraction of the
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FIG. 3. The calculated transmission of the double QW region of the QWTJ
compared to the same thickness of bulk InGaAs. The inset shows the con-
fined energy levels in the InGaAs quantum well.
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electrons and holes and broadening mechanisms were
neglected. A more detailed description of the absorption cal-
culation can be found in, for example, Ref. 13. The absorp-
tion calculated in this way can be seen as an upper limit, as
the significant electric field across the QW region reduces
the overlap integral of the electron and hole wavefunctions,
thereby weakening the absorption. Therefore, the actual
transmission losses during operation in the solar cell may be
smaller than the estimate from this simple QW model.

The transmission of light below the InAlGaAs bandgap is
shown in Figure 3 for both the QWTJ and bulk InGaAs. In the
QWT]J case, the transmission was calculated using a transfer
matrix technique, which takes into account the multiple reflec-
tions at the well/barrier interfaces, although the low index
contrast of the layers results in a very small effect. The layer
structure was two 80 A QWs separated by a 40 A InAlGaAs
barrier and surrounded by two 50 A InAlGaAs barriers, as
shown in Figure 1. The substrate and ambient layers were
assumed to be InAlGaAs also, to avoid the complications of
multiple reflections at the front and rear surfaces of the struc-
ture. The real part of the refractive index for the QW layers
was assumed to be that of bulk InGaAs. The transmission is
compared to the single pass transmission through 300A of
bulk InGaAs calculated using the Beer-Lambert law.

Results show that the transmission through the QWTJ is
attenuated by approximately 1% per well above the lowest
energy confined state of the well, and as shown in Figure 3
the transmission in the QWTJ is significantly greater than a
bulk InGaAs TJ of the same overall thickness. This is impor-
tant when considering the use of these structures within the
3] device. The power density contained in the ASTM
AM1.5 g spectrum between the energies of 0.74—1.18 eV is
165.8 W/m?, and for the baseline InAlGaAs TJ it is assumed
that all this power is transmitted through the junction region
of the TJ. In the case of bulk InGaAs, 3.9% of the available
light in this spectral region is absorbed. However, with the
QWTIJ only 1.7% of the light in this spectral band is
absorbed. Even though the effect is reduced, the absorption
in the QWs does still create a loss mechanism for the 3J solar
cell. However, as discussed earlier, this simple QW model
gives an upper limit to the transmission losses which may be
lower in a real device. Furthermore, by using InAlGaAs
QWs with a wider bandgap, it may be possible to lower the
trade off in peak tunnel current and absorption.

To evaluate the trade-off in the transparency and differen-
tial resistance of the bulk and QWTJ structures, we used a net-
work simulation of an idealized 3] solar cell with bandgaps of
1.74eV, 1.18¢eV, and 0.74eV. A similar approach to Steiner
et al."* was employed and a schematic layout of the network
simulation is shown in the inset to Figure 4. The simulation
was split into nine illuminated components and one shaded
component, each with an area of 1x 10° cm?, forming a
cross-section between a grid finger and the halfway point of
two grid fingers. Any voltage drop along the direction of the
grid finger was neglected, allowing the network to extend
only in one direction. The saturation current of the subcells
was estimated from the radiative recombination limit’ and
values of 7.5x 1072 A/cmz, 89x 10718 A/cm2, and
8.9 x 10~ "' A/cm? were used for the top, middle, and bottom
cells, respectively, assuming a temperature of 300 K.
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FIG. 4. Calculated values of normalized efficiency as a function of the CR
for idealized 3 J devices using the bulk (dotted blue line) and QW (solid red
line) tunnel junctions. The inset shows a schematic of the network simula-
tion layout.

The solar cell with the bulk TJ was chosen to be per-
fectly current matched and the short circuit current density
for each sub-cell was arbitrarily chosen to be 15 mA/cm?
under one sun conditions. We assumed that there was a lin-
ear relationship between the J,. of the subcells and the solar
CR. Each cell had a shunt resistance of 1 x 10® Q cm?, the
spreading resistance of the top of the cell was assumed to be
200 ©/[7 and the contact resistance used a value of 3 x 10™°
Q cm?. The tunnel diodes were represented as resistors with
the measured values of differential resistance from the bulk
and QWT]J structures. This method allows a direct compari-
son of the differential resistance on the solar cell efficiency,
but obviously does not take in to account the non-linearity of
the tunnel diode. The differential resistance of the TJ
between the first and second sub-cells was fixed at 1 x 10~*
Q cm?. To account for the absorption loss with the QWT]J,
the short circuit current of bottom cell was reduced by 1.7%,
making the 3J overall bottom cell limited.

Figure 4 shows the simulated efficiency of the 3J cells
normalized to the peak efficiency. At low concentrations, the
filtering of the light to the bottom cell reduces the conversion
efficiency of the 3J with the QWTJ by approximately 0.7%
relative to the baseline TJ, due to the bottom cell limiting the
current. However, for concentrations above 140 suns the
QWT]J device becomes more efficient due to the lower resis-
tive loss, and at 1000 suns the QWTJ device has approxi-
mately a 4.4% higher efficiency relative to the bulk device.
In reality, once the concentration ratio exceeds approxi-
mately 170 suns, the increase in efficiency of the QWTJ will
be greater still due to the photocurrent exceeding the peak
tunnel current of the bulk TJ. This will cause the bulk TJ to
pass current in the thermal diffusion mode, thereby incurring
a much larger voltage drop.'* The small absorption loss in
the QWTJ device therefore has only a very small impact on
the performance at high concentration due to the much
smaller resistive loss.

In conclusion, we have demonstrated a quantum well tun-
nel junction structure which can be used to improve the per-
formance of a multi-junction solar cell. By incorporating two
InGaAs QWs, a peak tunnel current of 113 A/ecm” was
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observed, which was a 45-fold increase over the baseline
InAlGaAs TJ, and a differential resistance of 7.52 x 1074 Q
cm?, which was a 15.3-fold improvement over the baseline
device. The increase in the spectral power absorbed in the
QW region is estimated to be about 1.7%, which is signifi-
cantly smaller than a bulk InGaAs TJ which absorbs 3.9%.
This yields a device which can far surpass the electrical per-
formance of the conventional tunnel junction structure at high
concentrations with minimal transmission loss. We believe
that the design can be further optimized to improve the trans-
parency whilst still achieving extremely high peak tunnel cur-
rents by tailoring the QW depth and the barrier thickness. In
addition to the role in developing multi-junction solar cells on
InP, analogous QWTJs could improve the performance of the
more established 3J devices based on Ge or GaAs substrates.

The author would like to thank Woojun Yoon, Chaffra
Affouda, and Joe Tischler for valuable contributions to this
work. This work was supported by the Office of Naval
Research.
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