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Abstract:

In this article, we investigate the impacts of the insertion of either a type | InGaAs or a type Il
InGaAs/GaAsSb quantum well on the performances of MBE-grown GaAs Tunnel Junctions (TJs). The
devices are designed and simulated using a quantum transport model based on the non-equilibrium Green's
function formalism and a 6-band k.p hamiltonian. We experimentally observe significant improvements of
the peak tunneling current density on both heterostructures with a 460-fold increase for a moderately doped
GaAs TJ when the InGaAs QW is inserted at the junction interface, and a 3-fold improvement on a highly
doped GaAs TJ integrating a type Il InGaAs/GaAsSh QW. Thus the simple insertion of staggered band
lineup heterostructures enables to reach tunneling current well above the kA/cm? range, equivalent to the best
achieved results for Si-doped GaAs TJs, implying very interesting potentials for TJ-based components such
as multi-junction solar cells, vertical cavity surface emitting lasers and tunnel-field effect transistors.

Introduction

Tunnel Junctions (TJs) are used as low-resistive
connections between the series-connected subcells
of Multi-Junction Solar Cells (MJSCs). The
development of high-performing TJs is thus a key
requirement for the successful operation of such
photovoltaic devices. Indeed, the TJs peak
tunneling current density (Jpeax) Should largely
exceed the photogenerated current in the MJSCs in
order to operate in the low voltage range of the TJ
characteristics with a minimal equivalent
resistivity. In previous works [1] [2], we have
shown that the interband tunneling mechanisms are
predominant in GaAs-based TJs over trap-assisted-
tunneling related mechanisms. The use of low
band-gap materials in the TJs enables to enhance
the interband tunneling process, but is penalizing
in terms of optical absorption for MJSCs
applications. Thus, the classic way to fabricate TJs
with high Jpea suitable for MISCs is to increase the
n and p doping levels, which can be very
challenging with some materials. In particular, the
standard n type dopant for GaAs is Si, whose
solubility limits in GaAs is around 10" cm™ [3] for
usual epitaxial growth conditions, indeed limiting
the maximum achievable Jye. With Si-doped GaAs
TJs around 25 A/lcm? [4] [5] [6]. The use of Te
dopant instead of Si for GaAs based TJs grown by
MOVPE allows to get higher n-doping levels as

high as 3x10" ¢cm™, leading to record Jye of 10
kA/cm? [7]. For Si-doped GaAs TJs grown by
Molecular Beam Epitaxy (MBE), the use of very
low growth temperature and “non-stoichiometric”
(highly Arsenic-rich) conditions results in doping
level around 2x10" cm™® and Jpes OF 1800 A/cm2
[8]. However, such extreme growth conditions
degrade the structural quality of the so-grown
material which can be detrimental for the final
applications.

An alternative or complementary way to this
doping approach to improve the TJs electrical
performance should be to embed nanostructures at
the tunneling interface of the TJs. The inclusion of
InAs quantum dots [9] or ErAs nanoparticles [10]
has shown promising results to enhance the
tunneling current density of GaAs TJs. Similarly,
the insertion of quantum wells (QWSs) in InAlGaAs
TJ on InP substrate enables to increase by 45 the
Joeak COMpared to the bulk TJ [11]. This approach
was also used for the high bandgap AlGaAs/GalnP
TJ on GaAs substrate, where the inclusion of a thin
interfacial layer of GaAs was shown to
significantly increase the TJs Jpea [12]. Thus, the
use of nanostructures within TJs appears to be a
promising way to improve their performances with
a moderate loss of optical transparency. For
instance, the inclusion of an InGaAs QW of
adequate properties (thickness, doping levels, and
composition) in a GaAs TJ could reduce



significantly the tunneling distance as pictured in
Fig. 1.a, and thus promote the interband tunneling
mechanism in the TJ.

Additionally, an efficient way for improving the
tunneling performances of TJs is to take advantage
of the band offsets of some material systems.
Boosting the tunneling mechanism through low
band-gap heterostructure is even more pronounced
with type-Il (staggered gap) or type Il (broken
gap) lineup configurations [13]. The type-IlI band-
offset configuration is obtainable with GaSb/InAs
material system, but not with lattice-matched
materials on GaAs. However, type-ll TJs are
achievable with the p+ GaAsSb/ n+ InGaAs
heterostructure that presents a low lattice-
mismatched to GaAs for low In and Sb content. It
allows to reach very high Jp as shown in [14].
Even though such heterostructure may suffer from
high optical absorption due to the introduction of
low band-gap materials and poor crystal quality
inherent to the lattice-mismatch with GaAs when
the thickness of the strained materials is too
important.  Consequently, their range of
applications is limited to the low band-gap TJ in
metamorphic MJSCs [15].

In this work, we propose to merge the both
approaches combining the advantages of the band
offset and of the embedded nanostructure by
incorporating the type Il GaAsSh/InGaAs
tunneling heterostructure as a QW at the GaAs TJ
doping interface in order to get very low resistive
TJs. Indeed, as schematically pictured in Fig. 1.b,
the type Il heterojunction inserted as a QW at the
TJ interface enables to even further decrease the
tunneling distance than the inclusion of a simple
InGaAs QW (Fig. 1.a). Thanks to the limited
thickness of the strained and low band-gap
materials, this QW inclusion approach is well
suited for lattice-matched MJSCs on GaAs
substrate, as the crystalline quality should be
preserved and the optical losses should be limited.
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Fig. 1.a. Scheme of the band diagram of a GaAs TJ
(solid black curve) with the inclusion of an n+
InGaAs QW (dashed blue curve). b. Scheme of the
band diagram of a GaAs TJ (solid black curve)
with the inclusion of n+ InGaAs / p+ GaAsSb
QWs (dashed blue and red curve).

Experiments

Four GaAs based TJs have been grown by MBE
in a Riber 412 growth chamber on n-doped (2x10®
cm™®) (001) GaAs substrate. The used n- and p-
dopant are respectively Si and C (using CBr, gas
source).

A first set of relatively low-doped TJ without
(referred as TJ-1A) and with (referred as TJ-1B) a
type-l n+ InGaAs QW has been fabricated
according to the structures presented in Fig. 2.a.
These structures have been grown under standard
MBE growth conditions, with a growth
temperature of 580°C and a growth rate of 1 um/h.
Sample TJ-1A consists of 30 nm thick p+ (5x10"
cm®) and n+ (5.8x10"® cm?®) doped layers
surrounded by 300 nm thick p type ( 2x10™ cm®)
and n type (2x10"® cm™) buffer layers. A 50 nm p+
doped cap layer (1.5x10" cm™) is grown on top of
the layer to ensure a good ochmic contact. In sample
TJ1B, a 12 nm n-doped (1.3x10*° cm?)
Ing.1,Gag ggAs is added at the p+ / n+ junction.

A second set of highly doped GaAs TJs without
(TJ-2A) and with (TJ-2B) a p+ GaAsSb / n+
InGaAs type-1l QW has been fabricated according
to the structure presented in Fig. 2.b. Following
the work of [17], a relatively low growth rate and
low growth temperature of respectively 0.4 pm/h
and 460 °C were used in order to achieve Si N-
doping levels close to 1.3x10* cm™®. Such MBE
growth conditions are not as extreme as the ones
used in [8], and guaranty a right substitutional
incorporation of silicon while preserving crystal
quality [18]. In the p+ side of the TJ, we also
increase the doping levels up to 10 cm™. For TJ-
2B, a 4 nm p+ (10° cm™®) GaAsysShos / 6 nm n+



(1.3x10™ cm™®) Ing1GageAs QW is added at the p+
/ n+ junction interface. For both series of samples,
the total thickness of the strained materials is
below the critical thickness predicted by the model
of Matthews and Blakeslee [19] about ~14 nm for
both |n0_1zGao_38AS and GaAS()_gngollz. ThUS, no
plastic relaxation has occured in the structure and
the crystal quality of the devices is preserved.

TJ-1A TJ-1B

1 300 nm p GaAs:C (2x10%cm)
30 nm p+ GaAs:C (5x1019cm'3
30 nm n+ GaAs:Si (5.8x10'%cm™)
! 300 nm n GaAs:Si (2x10'%cm®) 3

R 12 nm n+ Ing ;;Gag ggAs:Si (1.3x1019cm'3)

TJ-2A TJ-2B

1 300 nm p GaAs:C (2x10"%cm™)
30 nm p+ GaAs:C (1x10%%cm ™)
30 nm n+ GaAs:Si (1.3x10%cm?)
i 300 nm n Gaas:Si (2x10%%m™) 1

4 nm p+ GaAs'}‘gSh._u:C(lxlomcm'3)

6 nm n+ Iny,GayAs:Si (I.3x1019cm'3)

Substrate n GaAs:Si (2x1 E'J”‘cm'”)

Fig. 2.a. MBE grown structure of samples TJ-1A
and TJ-1B. Sample TJ-1Ais a relatively low-doped
GaAs TJ. Sample TJ-1B is similar than TJ-1A
except for the n+ Ing 1,GaggsAS QW incorporated at
the p+/n+ interface. b. MBE grown structure of
samples TJ-2A and TJ-2B. Sample TJ-2A is a
highly-doped GaAs TJ. For sample TJ-2B, a p+
GaggAso1Sb / n+ Ing1GageAs is incorporated at the
p+ / n+ interface.

The doping levels have been calibrated by Hall
measurements on specifically grown samples,
whereas the concentration and the thickness of the
InGaAs and GaAsSb layers were measured by X-
Ray Diffraction. The MBE grown structures have
been then processed to realize 30 um diameter
circular mesa diodes using a self-aligned process
described in [20]. The final structure is
schematically presented in Fig. 3 for the example
of TJ-1A. An AuGe/Ni/Au alloyed metal was
deposited by sputtering on the n-doped backside of
the substrate followed by a rapid thermal annealing
at 450°C for 90s. The diodes have been processed
by photolitography, dry etching and a SiO,
deposition to isolate the sidewalls of the mesas.
Then a Ti/Au metal contact has been deposited by
evaporation on top of the structure. Finally, the J-V
characteristics of the TJs were measured using a
Karl Suss PA200 probe station at room
temperature, applying a bias voltage to the front
electrode.

Ti/Au
[p+ Gaas (1.5x10' em?) 50 nm \

[ p GaAs (2x10'® cm™®) 300 nm \

I p+ GaAs (5x10" cm™) 30 nm \
’ n+ GaAs (5.8x10'® cm™) 30 nm \

n GaAs (2x10'® cm®) 300 nm

SiOx

Substrate n GaAs {2:(1018 cm'3) 650 pm

AuGe/Ni/Au

Fig. 3: Scheme of the processed structure of TJ-
1A.

Results
a- GaAs tunnel junction with InGaAs QW.

Numerical simulations of the J-V characteristics
of samples TJ-1A and TJ-1B are performed with a
guantum transport model based on the Non
Equilibrium Green’s Functions (NEGF) Keldysh's
formalism coupled with a 6-bands k.p description
of the materials band structure described in [16].
The set of material parameters are taken from [21],
whereas the band-offsets of the InGaAs/GaAs
heterejonction are taken from [15]. In previous
work [2], we presented the ability of this quantum
model but also of an optimized semi-classical
model to predict the order of magnitude of the J-V
characteristics of experimental bulk GaAs TJs. The
NEGF approach inherently includes quantum
behavior such as quantum confinement, and should
be preferred over the semi-classical approach for
the present study of low dimensional structure. In
[2], we also show that the Band-Gap-Narrowing
(BGN) has to be empirically considered in the
simulations to accurately reproduce the magnitude
of the peak tunneling current density. In the present
study, since we are primary focusing on the relative
evolution of the tunneling current density with the
addition of nanostructures in the active region of
the TJ, we thus neglected the BGN effect to
prevent from introducing an adjustable parameter
in the model.

The simulation results of the J-V characteristics
of samples TJ-1A (black dashed line) and TJ-1B
(red dashed line) are presented in Fig. 4. The
experimental J-V measurements of samples TJ-1A
(black solid line) and TJ-1B (red solid line) are
also presented in this figure.
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Fig. 4: Experimental (solid lines) and simulated
(dashed lines) J-V characteristics in logarithmic
scale of samples without (TJ-1A in black) and with

(TJ-1B in red) the inclusion of InGaAs QW.

The quantum model predicts a Jye Of ~10
mA/cm2 and 20 A/cm? respectively for TJ-1A and
TJ-1B, revealing a 2000-fold increase of the Jpea
when the InGaAs QW is included in the GaAs TJ.
The measured J-V gives a Jyea 0f 65 mA/cm? for
TJ-1A and ~30 A/cm2 for TJ-1B, which correspond
to a 460 fold increase.

One can notice the accentuation of the
measurement  instabilities in the negative
differential region of TJ-1B compared to TJ-1A.
This effect is due to the more pronounced
competitive impact of the parasitic series
resistances — mainly due to the metal contact — in
the device measurement, as the intrinsic resistivity
of TJ-1B is lower than the one of TJ-1A (See [22]
for more information). Such parasitic series
resistances are also responsible for the threshold
voltage increase between TJ-1A and TJ-1B. This
effect is not visible on the simulations, as the series
resistances are not considered in the quantum
model. However, it is well reported that parasitic
series resistances do not influence the value of the
Jpeak [23], which is therefore the only relevant
experimental figure of merits to assess the intrinsic
resistivity of TJs.

We thus demonstrate the benefit of the
incorporation of the InGaAs QW to increase the
Jpeak OF @ TJ. We nevertheless observe a mismatch
on the current density magnitude between the
guantum simulations and the experimental results.
As previously mentioned, such discrepancy is
mostly due to the non-consideration of the BGN.
However, the quantum model is able to
qualitatively predict the relative Jpea increase when
the QW is inserted.

b- GaAs tunnel junction with InGaAs/GaAsSbh
QW.

The interband tunneling mechanism is supposed
to be even further boosted with an
InGaAs/GaAsSb QW inclusion instead of a simple
InGaAs QW due to the type Il band offset between
these both ternary alloys. We thus simulated and
fabricated two samples with higher doping levels
than TJ-1A and TJ-1B: TJ-2A and TJ-2B which are
respectively with and without the type Il QW. Due
to the one order of magnitude difference between
the n-type and p-type doping levels of the TJ, the
depletion length is larger in the n-side than in the
p-side of the device. We thus arbitrary choose to
fabricate a larger n+ Ing;GageAs QW (6 nm) than
the p+ GaAsyeSho: QW (4 nm), while the total
thickness (10 nm) of the strained material is
inferior to the critical thickness predicted by the
Matthews and Blakeslee model [19].

The experimental J-V characteristics of TJ-2A
(solid black line) and TJ-2B (solid red line) are
represented in Fig. 5. The simulation results using
the quantum model of TJ-2A (dashed black curve)
and TJ-2B (dashed red curve) are presented in the
inset of Fig. 5.
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< J 1 Experimental:
150 — TJ-2B
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jw0f S e TJ-2B
1500 § o= Ll
20 "/ .................
NE - 0.1 0.2
L1000
=
5001

0 T T T T T T
0 02 04 06 08 1 12 14 16
Voltage (V)

Fig. 5: Experimental J-V characteristics of samples
without (TJ-2A in black) and with (TJ-2B in red)
the inclusion of the GaAsSb/InGaAs QW. The
simulation results are presented in the inset, with
the black dashed curve for TJ-2A and the red
dashed curve for TJ-2B.

The quantum model predicts an ~5 fold
increase of the Jp.sx With the inclusion of the type



I1 InGaAs/GaAsSb QWs, as the Jpea is 40 Alcm?
for TJ-2A and is of 215 A/lcm? for TJ-2B. It thus
confirms the potential benefit of the type 1l QWs
insertion for enhancing the tunneling process in
such TJs. This increase of the tunneling current
density is experimentally demonstrated, as TJ-2A
reaches a Jpe Close to 400 A/cm? and TJ-2B
reaches a very high Jpea value up to 1300 A/cm?.
The inclusion of the type Il InGaAs/GaAsSbh QW
in TJ-2A thus enables to get an experimental 3 fold
increase of the tunneling current density. As the
BGN effect is more pronounced for such heavily
doped materials than for the case of TJ-1A and TJ-
1B, the discrepancy on the magnitude of the
tunneling current density between the simulations
and the experimental results is important.
However, the quantum model is once again able to
gualitatively predict the relative increase of the
Jpeak due to the type 11 QW insertion, which opens
the path for designing and optimizing the TJ
structure in terms of bands offsets, thickness,
concentration and doping levels of the QW. Such
optimization study based on the quantum model
will be developed in a dedicated article.

The present experimental study shows that:

- At first, we see the effect of the special growth
conditions of the TJ — namely the reduced growth
temperature and the reduced growth rate — on the
Si n+ doping level that has been increased up to
1.3x10" cm?® giving rise to better electrical
performances of the GaAs TJ-2A with a Jpe Of
400 A/cmz. Unlike in [8] where 1800 A/cm’® was
demonstrated, we did not use MBE growth
conditions with extremely high As overpressure to
force Si incorporation into Ga crystal sites. As a
result, the n doping level we get is ~1.5 times
lower than in [8], explaining the lower — but still
very good — performances of our TJ-2A sample
compared to the state-of-the art result.

- Secondly, one can also notice that the J-V curve
aspect in the low resistive region is totally
dominated by the parasitic series resistances for
these TJs with very low intrinsic resistivity. As the
contact resistivity is not exactly the same between
the two samples due to experimental uncertainties
inherent to cleanroom fabrication, it appears in this
case that the apparent resistivity determined from
the J-V measurements of sample TJ-2A is lower
than for TJ-2B. However, the higher Jyex value of
TJ-2B indicates that its intrinsic resistivity is much
lower than for TJ-2A. As previously mentioned,
this observation emphasizes the importance of
relying only on the Jyax value to compare the
resistivity of TJs.

- Finally, the sample TJ-2B reaches a very high
Jpeak Value up to 1300 A/cm?, which is close to the
state-of-the-art result for Si doped GaAs TJs, and
comparable to the best results obtained in [8].
Moreover, our approach presents the advantage of
using nearly standard MBE growth conditions
(reasonably low temperature and growth rate)
compatible with complete MJSC fabrication.

Conclusion

We have fabricated different MBE-grown
structures starting from simple GaAs tunnel
homojunctions, by incorporating heterostructures
at the doping interface, either as an InGaAs type |
QW or a type Il GaAsSh/InGaAs QW. The
numerical and experimental results indicate a
significant enhancement of the electrical
performances of the devices with the QWs
inclusion. For a type Il GaAsSbh/InGaAs QW
embedded in a highly doped GaAs TJs, a Jpea as
high as 1300 A/cm? was demonstrated, which is to
our knowledge the second best record for Si-doped
GaAs based TJs [8]. This approach is not
detrimental for the optical transparency of the TJs
— as we use a limited thickness of absorbent
material — and thus is of main interest for all TJ-
based devices in electronics, photonics, or
photovoltaics applications.
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