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We describe GaAs-based tunnel junctions that are com-
patible with photonic devices, including long-wavelength 
vertical-cavity surface-emitting lasers and multi-junction 
solar cells. Tunneling was enhanced with semimetallic 
ErAs nanoparticles, particularly when grown at reduced 
substrate temperatures. Additionally, we present the first 
direct measurement of the quality of III-V layers grown 

above ErAs nanoparticles. Photoluminescence measure-
ments indicate that III-V material quality does not de-
grade when grown above ErAs nanoparticles, despite the 
mismatch in crystal structures. These findings validate 
these tunnel junctions as attractive candidates for GaAs-
based photonic devices. 
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1 Introduction Low-loss tunnel junctions are essen-
tial for a number of optoelectronic devices, particularly for 
interconnecting the junctions of solar cells and minimizing 
electrical/optical losses in vertical-cavity surface-emitting 
lasers (VCSELs)  [1]. They are especially attractive for 
longer wavelength lasers because performance fundamen-
tally degrades due to increasing p-type free carrier absorp-
tion (FCA) with wavelength [2,3]. High-performance InP-
based VCSELs have been demonstrated without p-type 
distributed Bragg reflector (DBR) mirrors and operate at 
the telecommunication wavelength range (1.3-1.6 μm) [3].  
This was accomplished by utilizing intracavity contacts 
and type II AlInAs/InP tunnel junctions. However, InP-
based VCSELs suffer from the poor thermal conductivity 
of the available DBR layer materials [4]. Monolithic 
GaAs-based VCSELs offer a promising alternative to InP-
based lasers for low cost telecommunication laser 
sources [5]. GaAs substrates offer significant advantages 
over InP, due to the high thermal conductivity and large 
index contrast of AlAs/GaAs DBRs, as well as the avail-
ability of lateral oxide apertures for current and optical 
confinement. Electrical resistance of the p-type DBR is 
problematic, however, due to the large valence band off-

sets between AlAs and GaAs  [6]. The high p-doping that 
is necessary for low resistance p-DBRs causes significant 
free-carrier absorption loss at 1.55 μm, degrading threshold 
current and wall-plug efficiency [7]. Unfortunately, tunnel 
junctions grown on GaAs substrates suffer from a number 
of materials-related limitations such as the difficulty in 
achieving high active n-type carrier concentrations  [8], 
and a lack of a favorable band alignment, such as the type-
II InP/InAlAs heterointerface for InP-based devices  [9]. 

Tunnel junctions enhanced with semimetallic ErAs 
nanoparticles have shown promise as an alternative to con-
ventional tunnel junction technologies on GaAs. They have 
enhanced the performance of AlGaAs/GaAs tandem solar 
cells  [10]. The performance of the top (AlGaAs) cell indi-
cates that high-quality III-V material may be grown over 
ErAs; however this has not been directly investigated.  
While transmission electron microscopy studies are en-
couraging  [11], the quality of the overgrown III-V mate-
rial remains an open question due to the mismatch in crys-
tal structures between the rocksalt ErAs nanoparticles and 
the zincblende III-V. Additionally, at these growth tem-
peratures of 580 oC, the tunnel junctions grown have pro-
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hibitively large resistivities [10,12] for use in VCSELs 
(~1kA/cm2)  [9] and concentrator solar cells [13].  

We describe GaAs-based ErAs nanoparticle-enhanced 
tunnel junctions that meet the electrical requirements for 
both long-wavelength VCSELs and ultra high concentra-
tion (>500x) solar cells. We also present the first direct 
measurement of the optical quality of layers grown above 
ErAs nanoparticles. Photoluminescence studies indicate 
that InGaAs/GaAs quantum wells grown above ErAs 
nanoparticles are of comparable quality to those grown di-
rectly on a GaAs substrate.  

These results indicate that ErAs nanoparticle-enhanced 
tunnel junctions offer great promise for enhancing 
photonic devices.  

While this paper only examines ErAs nanoparticles 
embedded in GaAs, the plethora of semimetallic rare earth 
monopnictides span the lattice constants of III-V sub-
strates [14]. In principle, this approach could be extended 
to tunnel junctions on any III-V substrate. 

2 Nanoparticle-enhanced tunnel junction Tradi-
tional semiconductor tunnel junctions consist of highly-
doped p+/n+ junctions where quantum mechanical band-
to-band tunnelling enables classically forbidden current 
flow. Under forward bias operation, a traditional tunnel 
junction exhibits an Esaki peak (and negative differential 
resistance) which can degrade the conversion efficiency of 

multi-junction solar cells at high concentration levels [13]. 
The resistivity of the tunnel junction depends on the prob-
ability of a band-to-band tunnelling event: with a depend-
ency on both the height and width of the potential barrier 
(illustrated in Fig. 1a). Reducing the resistivity of tradi-
tional tunnel junctions requires abrupt doping profiles, 
high doping concentrations, and a small bandgap. In multi-
junction solar cells, the bandgap of the tunnel junction be-
tween series connected cells is limited by the absorption of 
the cells above the tunnel junction. Parasitic absorption in 
the solar cell reduces both the forward voltage and col-
lected current from the multi-junction solar cell, by adding 
series resistance and reducing photon flux to be absorbed 
by underlying cells. A practical problem also occurs with 
obtaining high active n-type carrier concentrations on 
GaAs. For example, Si-doped GaAs is practically limited 
to a free electron concentration of ~5x1018 cm-3 [8]. 
Dopants such as tellurium can produce somewhat higher 
active concentrations, but are undesirable because of their 
high diffusivity and vapor pressure. These properties may 
corrupt doping profiles and increase background carrier 
concentrations, degrading device performance. 

Most rare earth monopnictides (e.g. ErAs and ErSb) 
are rocksalt semimetals that may be embedded as epitaxial 
nanoparticles within a III-V matrix. As illustrated in Figure 
1, embedding these nanoparticles at the tunnel junction in-
terface pins the Fermi-level at the interface of the p-n junc-
tion, essentially creating back-to-back Schottky contacts. 
The back-to-back contacts allow tunnelling to occur via a 
two-step process, effectively halving the tunnelling dis-
tance for each step, dramatically increasing tunnel cur-
rents  [12].  

3 Electrical results Tunnel junctions were grown in 
a Varian GEN II solid-source molecular beam epitaxy 
(MBE) system on silicon-doped GaAs (100) substrates 
(electron concentration of 1-1.5x1018 cm-3). Silicon and be-
ryllium were used as n-type and p-type dopants, respec-
tively. ErAs nucleates on GaAs in the Volmer-Weber 
(islanding) mode. The islands grow to a height and width 
of ~4 monolayers (ML) and then grow laterally outwards 
to form a complete film  [11]. The amount of ErAs depos-
ited was kept well below 4 ML so that a portion of the un-
derlying GaAs matrix was exposed to seed the GaAs over-
growth of these rocksalt ErAs islands.  

Samples were processed into mesa contact structures. 
Top Ohmic contacts in the form of a circular contact were 
evaporated using Pd/Ge/Ti/Pt/Au. The back Ohmic contact 
was formed using evaporated Pd/Ti/Pd/Au on the entire 
back of the sample. Devices were annealed in forming gas 
for 1 minute at 450 °C. The remainder of the p-GaAs con-
tact layer was removed after metallization using citric 
acid:H2O2. Tunnel junction resistivity was extracted by the 
method in Denhoff [15]. With our device structure and 
measurement limitations, we calculated a lower bound  
for the measureable tunnel junction resistivity of ~5x10-5 
Ω-cm2. 

 

 Figure 1 Equilibrium band diagrams for 
conventional (a.) and ErAs nanoparticle-enhanced 
(b.) GaAs tunnel junctions. The shaded regions 
represent the barrier(s) to current flow. Inset shows 
the band alignment of GaAs with the ErAs 
nanoparticles. 
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As shown in Fig. 2, growing at reduced substrate tem-
perature of 530 °C achieved high performance 
GaAs/ErAs/GaAs tunnel junctions with resistivity ~10-4 Ω-
cm2 (<0.25 V drop for current densities >103 A/cm2). The 
current vs. voltage relations plotted in Figure 2 show an 
~100x improvement over the results of Refs. [10] and [12]. 
The >103A/cm2 current density is sufficient for incorpora-
tion into long-wavelength VCSELs to reduce the optical 
loss and series resistance associated with the p-type DBR. 
These ErAs nanoparticle-enhanced tunnel junctions add a 
trivial amount of voltage drop compared to optimized 
AlAs/GaAs DBR mirrors that use modulation doping to 
minimize series resistance, giving ~1 V at 1 kA/cm2 [6]. 

The improvement in conductivity of the ErAs-

enhanced tunnel junctions grown at reduced substrate tem-
perature may be due to a combination of effects related to 
the nanoparticle size and morphology. In particular, lower 
growth temperature produces a higher density of smaller 
nanoparticles  [16]. The morphology affects the energy 
band alignment between the ErAs and III-V, enhancing the 
conductivity. A detailed discussion will be presented in a 
separate publication  [17]. 

4 Optical quality of overgrowth With the dramatic 
improvement in tunnelling resistance achieved by growing 
at lower substrate temperatures, it is important to confirm 
that high-quality III-V overgrowth of the nanoparticles is 
possible under these growth conditions. This is an open 
question given the mismatched crystal structures of GaAs 
and ErAs. Additionally, overgrowth of complete films of 
ErAs results in anti-phase domain formation. While anti-
phase domains can be avoided by limiting the ErAs layer 
to less than 2ML of deposition (less than 50% surface cov-
erage) and seeding the overgrowth with the underlying 
GaAs  [11], the optical quality of the overgrown III-V has 
not been directly studied.  

In order to verify the optical quality of the layers 
grown on top of the ErAs nanoparticles, photolumines-
cence (PL) intensity was measured on optically excited 
InGaAs quantum well (QW) structures grown both with 
and without nanoparticle overgrowth as shown in Fig. 3. 
Because ErAs acts as an efficient nonradiative recombina-
tion center, a pn junction was used after the ErAs contain-
ing layer to block the diffusion of optically generated car-
riers to the ErAs nanoparticles. This enabled the quality of 
the InGaAs QWs to be directly compared. Samples were 
optically excited under 50 kW/cm2 power density with 514 
nm argon laser. PL intensity was measured with a germa-
nium photodetector and a lock-in amplifier.  

As seen in Fig. 4, the PL sample grown on top of ErAs 
nanoparticles exhibited PL intensity comparable to the 
sample grown without ErAs nanoparticles. The strength of 
the PL signal is indicative of high optical quality material 
with defect densities comparable to those of typical III-V 
layers. 

The difference in the emission wavelength of the In-
GaAs QWs between the two samples is attributed to a 
change in the indium concentration. This is believed to 
originate from source drift during MBE growth, and not 
from the overgrowth of ErAs. The substrate peak is visible 
for each sample at ~870 nm. At lower excitation densities, 
the ratio of the InGaAs-to-GaAs peak height increases for 

the sample without ErAs, indicating that thermal escape of 
carriers from the QW could be responsible for the more 
pronounced substrate peak. 

5 Conclusions Embedding ErAs semimetallic 
nanoparticles at the interface of GaAs tunnel junctions 
dramatically improved tunnelling current under both for-
ward and reverse bias operation. By growing the ErAs 
nanoparticles at sufficiently low temperatures, we have 
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Figure 2 Current density and voltage  for GaAs tunnel 
junctions showing the enhancement in tunnel current by 
adding ErAs (reproduced from Zide et. al., Ref. [10]) and 
further improvement with reduced growth temperature 
achieved in this work. 

 

 

Figure 3 InGaAs/GaAs photoluminescence structures 
grown at 520°C, with and without  an underlying layer 
of 1.33ML of ErAs nanoparticles.. The carrier block-
ing layer was utilized to prevent photogenerated carri-
ers from diffusing to ErAs  and recombining, enabling 
the quality of the InGaAs QWs to be directly investi-
gated. 
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demonstrated tunnel junctions with >1 kA/cm2 current 
densities. We have also demonstrated that InGaAs/GaAs 
layers grown on ErAs nanoparticles have comparable opti-
cal quality to conventional InGaAs/GaAs material. With 
these promising results, future work will include the incor-
poration of ErAs nanoparticle enhanced tunnel junctions in 
long-wavelength VCSELs and GaAs based multi-junction 
solar cells, as well as the investigation of  similar tunnel-
ling structures on other III-V substrates, such as GaSb and 
InP. 
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Figure 4 Normalized photoluminescence intensity 
spectrum for the PL structure shown in Fig. 3, with 
and without underlying ErAs nanoparticles. The 
comparable luminescence from the InGaAs QW 
peaks (~950 nm) indicates that ErAs nanoparticles do 
not degrade the optical quality of III-V grown above 
them. 


