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We report ErAs nanoparticle-enhanced tunnel junctions grown on GaAs with low specific
resistances ��2�10−4 � cm−2�, approximately tenfold lower than previous reports. A reduction in
specific resistance was achieved by modifying the ErAs nanoparticle morphology through the
molecular beam epitaxial growth conditions, particularly lower growth temperatures. A further
investigation of the variation in tunnel junction resistance with the amount of ErAs deposited and
growth temperature shows that nanoparticle surface coverage may not be the only factor
determining tunnel junction resistance. © 2010 American Institute of Physics.
�doi:10.1063/1.3442909�

Tunnel junctions are essential for enhancing the perfor-
mance of many important photonic devices. Tunnel junctions
are used to interconnect the different band gap junctions in
multijunction tandem solar cells.1 They are also used in
vertical-cavity surface-emitting lasers �VCSELs�, to reduce
p-type free carrier absorption2 and series resistance associ-
ated with the p-type DBR, by replacing it with a n-type DBR
and a tunnel junction.3 An ideal tunnel junction for these
applications should be capable of conducting high current
densities ��1 kA /cm2 for VCSELs�, with simultaneously
low electrical and optical losses. Here we demonstrate tunnel
junctions enhanced with semimetallic nanoparticles that
achieve low specific resistances with relatively low doping
densities. This is advantageous as it mitigates dopant diffu-
sion effects during post-growth thermal processes and re-
duces free carrier absorption losses, such as in long-
wavelength semiconductors lasers.

As shown in Fig. 1�a�, a conventional tunnel junction
consists of a heavily doped p+ /n+ junction, where band-to-
band tunneling between the valence band and the conduction
band is the dominant current flow mechanism. The tunneling
current density increases exponentially with decreasing band
gap �tunneling barrier height� and depletion layer thickness
�tunneling distance�. However, reducing the band gap of the
tunnel junction leads to increased optical absorption in the
device. In a multijunction solar cell, electron–hole pairs gen-
erated from optical absorption in the tunnel junction do not
contribute to the cell current, reducing the power conversion
efficiency of the cell.4 Since reducing the band gap of the
tunnel junction is often not a viable option, a variety of other
techniques have been used to reduce the tunneling resistance.
One approach is to decrease the tunneling distance by in-
creasing the doping in the tunnel junction. For a GaAs-based
tunnel junction, this poses some fundamental difficulties,
such as compensation of donors if silicon is used as the
n-type dopant, limiting the maximum achievable doping con-
centration to �5�1018 cm−3. Although this limit can be
overcome by growing at low temperatures to achieve higher
doping concentrations,5 the resulting tunnel junctions de-
grade when subjected to post growth rapid thermal anneal-

ing. Another option is to use donors, such as tellurium, which
can achieve marginally higher active dopant concentrations.
However, this leads to further issues including memory ef-
fect and decreasing incorporation efficiency at higher growth
temperatures, due to the high vapor pressure of tellurium.6

Yet another approach for fabricating tunnel junctions is to
exploit a type-II band alignment,7 where the effective barrier
height for tunneling is reduced. This approach is limited by
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FIG. 1. �Color online� Band diagram of �a� a conventional tunnel junction
and �b� an ErAs nanoparticle-enhanced tunnel junction illustrating the back-
to-back Schottky contacts. The shaded regions represent the tunneling bar-
rier for electrons.
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the amount of strain that can be accommodated in the tunnel
junction, without introducing dislocations, and also to only a
few fortuitous materials systems, such as In0.52Al0.48As / InP.

Incorporation of semimetallic ErAs nanoparticles at the
p+ /n+ interface of a conventional GaAs tunnel junction leads
to a significant improvement in tunneling current density.
According to Pohl et al.,8 as illustrated in Fig. 1�b�, the en-
hancement can be understood by visualizing the incorpora-
tion of ErAs nanoparticles at the interface as forming two
back-to-back Schottky contacts with the Fermi level pinned
at approximately the middle of the band gap. In this arrange-
ment, the single band-to-band tunneling step is divided into
two shorter tunneling steps, each of only half the barrier
height and half the tunneling distance. Since the tunneling
probability increases exponentially with either term, the cur-
rent density through the diode increases by �five orders of
magnitude.8 Since the tunneling takes place into a continuum
of states in the band gap, these tunnel junctions do not ex-
hibit an Esaki peak in forward bias.8 Zide et al.,9 has dem-
onstrated a twofold improvement in efficiency of a dual-
junction tandem solar cell using ErAs nanoparticle-enhanced
tunnel junctions to interconnect the junctions. Here we inves-
tigate the performance trends in ErAs nanoparticle enhanced
tunnel junctions with respect to �1� the amount of ErAs de-
posited at the interface and �2� the growth temperature.

ErAs is a rocksalt semimetal10 with a 1.6% lattice mis-
match to GaAs. It self-assembles in an islanding growth
mode �Volmer–Weber� on a GaAs surface. The islands grow
to an average thickness/width of three to four monolayers
�ML� and then grow laterally outward to form a complete
film.11 This minimum height of 3–4 ML is required to stabi-
lize a unit cell of the ErAs rocksalt crystal structure.12 The
lateral extent of the islands is determined by the erbium ada-
tom surface diffusion length. Overgrowth of a complete ErAs
layer with GaAs is difficult due to the formation of antiphase
domains, because of the fourfold rotational symmetry of the
ErAs rocksalt structure when compared to the twofold rota-
tional symmetry of the GaAs zincblende structure.13 How-
ever, if a complete ErAs film is not formed, then the exposed
GaAs can seed the overgrowth of the ErAs nanoparticles,
without forming antiphase domains.13 Since it takes 3–4 ML
of effective ErAs deposition to form a complete film, over-
growth can be achieved by keeping the amount of ErAs de-
posited well below 3–4 ML.11

ErAs nanoparticle-enhanced tunnel junctions were
grown in a Varian Gen. II solid-source molecular beam epi-
taxy system equipped with a valved cracker for arsenic, a
Veeco SUMO effusion cell for gallium, and a high-

temperature effusion cell for erbium. The growths were car-
ried out on silicon-doped �100� GaAs wafers with an electron
concentration of 1–5�1018 cm−3. The layer structure is
sketched in Fig. 2. The growth temperature was 530 °C, as
measured by an optical pyrometer that was calibrated to the
GaAs surface oxide desorption temperature. The As2 /Ga
beam equivalent pressure �BEP� ratio was 20, while the
As2 /Er BEP ratio was 121. A set of three samples were
grown where the amount of ErAs deposited was varied,
while keeping all other parameters fixed. Post growth, the
samples were processed into mesa contact structures. Circu-
lar top Ohmic contacts were evaporated using Pd/Ge/Ti/Pt/
Au. The back side Ohmic contact was formed using evapo-
rated Pd/Ti/Pd/Au on the entire back of the sample. Devices
were annealed in forming gas for 1 min at 450 °C. The
remainder of the p-GaAs contact layer was removed after
metallization using citric acid:H2O2:H2O. The tunnel junc-
tion resistance was extracted by the method in Denhoff.14

Parasitic resistances accounted for �1.5% of the overall
measured resistance.

A growth temperature of 530 °C, 70 °C lower than that
reported by Pohl et al.,8 yielded the lowest resistance tunnel
junctions. The sample with 1.33 ML of ErAs grown at
530 °C has a specific resistance of 1.73�10−4 � cm2,
while the sample reported in Pohl et al.8 and Zide et al.9

reported a specific resistance of 1�10−3 � cm2. This further
enhancement is most likely due to the lower growth tempera-
ture, because the doping densities and amount of ErAs �num-
ber of ML� between the two samples are comparable.

An important trend in the tunnel junction resistance oc-
curred by varying the amount of ErAs deposited. As the
deposition of ErAs increased, the surface coverage of ErAs
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FIG. 2. �Color online� Layer structure of the ErAs nanoparticle-enhanced
tunnel junctions.
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FIG. 3. �Color online� �a� Tunnel junction current density vs voltage and �b�
tunnel junction resistivity variation with ErAs deposition. Note the absence
of Esaki peak in forward bias. The resistance of the tunnel junction de-
creased initially as the amount of ErAs deposited was increased and then
increased again at elevated depositions, showing a competition between sur-
face coverage and morphology of the ErAs islands.
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nanoparticles also increased. One might expect the tunnel
junction resistance to decrease monotonically with increas-
ing ErAs deposition, based upon interfacial area consider-
ations. Instead, the tunnel junction resistance �Fig. 3� initially
decreased and then increased at elevated deposition. This
suggests that surface coverage is not the only factor that
determines the tunnel junction resistance. A probable expla-
nation for this trend could be a competition between surface
coverage and size of ErAs nanoparticles. As the amount of
ErAs deposited increases, the nanoparticles ripen into larger
particles.11 We propose that the electrical resistance for tun-
neling into larger nanoparticles is greater than that into
smaller particles. This may be associated with the difficulty
in overgrowing larger nanoparticles.11,15 Another possible ex-
planation for this behavior could be due to a morphological
dependence of the Schottky barrier height between the ErAs
nanoparticles and the n-side of the tunnel junction. The
n-side of the tunnel junction has a larger tunneling resistance
than the p-side because the Schottky barrier height between
the ErAs and GaAs conduction band is higher16 ��0.9 eV�
and also the doping on the n-side of the TJ is lower. It has
been observed previously17,18 in ErAs:InGaAs superlattices
that the Fermi level moves closer to the conduction band
edge, with decreasing nanoparticle size, leading to a lower
n-Schottky barrier. This is consistent with the dependence of
the n-Schottky barrier height of ScErAs films grown on vici-
nal GaAs surfaces.16 Such a variation in the n-Schottky bar-
rier height with nanoparticle size could also account for the
observed trend in the tunnel junction resistance. To further
investigate the effect of nanoparticle size on tunnel junction
resistance, tunnel junctions were grown with a fixed ErAs
deposition �2 ML� while the growth temperature was varied.
Lower growth temperatures produce smaller nanoparticles
while the number density of nanoparticles increases to con-
serve the total amount of ErAs in the layer. As seen in Fig. 4,

the tunnel junction resistance increased with the growth tem-
perature. Although this seems to agree with the general idea
that tunneling into smaller particles is more favorable than
tunneling into larger particles, local conductivity measure-
ments could provide more direct evidence.

We have demonstrated ErAs nanoparticle-enhanced tun-
nel junction with extremely low tunnel junction resistance of
1.73�10−4 � cm2, �10� lower than previously reported.8

The variation in tunnel junction resistance with growth tem-
perature and amount of ErAs deposited indicates a competi-
tion between surface coverage and ErAs nanoparticle mor-
phology that warrants further investigation as it can be used
to fine tune and further enhance the performance of these
tunnel junctions.
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FIG. 4. �Color online� Resistivity of tunnel junctions containing 2 ML of
ErAs vs growth temperature. Resistance increased at elevated growth tem-
peratures, potentially due to increasing ErAs nanoparticle size.
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