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Lattice-matched and pseudomorphic tunnel junctions have been developed in the past for application
in a variety of semiconductor devices, including heterojunction bipolar transistors, vertical cavity
surface-emitting lasers, and multijunction solar cells. However, metamorphic tunnel junctions have
received little attention. In 4-junction GagsiIng40P/GaAs/Gag76lng24As/Gag 47Ing 53As  inverted-
metamorphic solar cells (4J-IMM), a metamorphic tunnel junction is required to series connect the 3rd
and 4th junctions. We present a tunnel junction based on a metamorphic Gag 76Ing24As/GaAsg75Sbg 5
structure for this purpose. This tunnel junction is grown on a metamorphic Gag 76Ing4As template on a
GaAs substrate. The band offsets in the resulting type-II heterojunction are calculated using the first-
principles density functional method to estimate the tunneling barrier height and assess the performance
of this tunnel junction against other material systems and compositions. The effect of the metamorphic
growth on the performance of the tunnel junctions is analyzed using a set of metamorphic templates
with varied surface roughness and threading dislocation density. Although the metamorphic template
does influence the tunnel junction performance, all tunnel junctions measured have a peak current
density over 200 A/cm®. The tunnel junction on the best template has a peak current density over
1500 A/em? and a voltage drop at 15 A/em? (corresponding to operation at 1000 suns) lower than
10mV, which results in a nearly lossless series connection of the 4th junction in the 4J-IMM structure.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892773]

I. INTRODUCTION

Tunnel junctions are an essential component of many
electronic devices including heterojunction bipolar transistors
(HBTs), vertical cavity surface-emitting lasers (VCSELS), and
multijunction solar cells. Their usual role is to be a low resist-
ance interconnection between different parts of the device
semiconductor structure. Therefore, they are primarily required
to have a high peak current and a very low specific resistance.
In some optoelectronic device applications, the tunnel junction
structure is also required to be transparent to certain photon
wavelength ranges. For example, in VCSELS' the tunnel junc-
tion must be transparent to the narrow lasing wavelength
range, and in multijunction solar cells,” the absorption must be
minimized in the range of photon wavelengths that must be
transmitted to the subcells underneath the tunnel junction. 4-
junction inverted-metamorphic solar cells (4J-IMM) are com-
posed of two upper junctions, GalnP and GaAs, lattice
matched to a GaAs substrate, followed by two metamorphic
GalnAs junctions with 1eV and 0.7V bandgaps.** This 4J-
IMM solar cell in based on the 3J-IMM GalnP/GaAs/GalnAs
structure developed previously,” where the GalnAs bottom
cell has ~2% lattice mismatch to the GaAs substrate, and is
accessed by using a compositionally graded buffer (CGB) to
transition the lattice constant between subcells. The 0.7eV
GalnAs material required for the 4th junction is attained by
further expanding the lattice to a total mismatch of ~4% to the
GaAs substrate, and high-quality single junction subcells with
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this bandgap have been demonstrated.® Efficiencies over 48%
under concentration are expected for the 4J-IMM in the near
term. However, integration of this new subcell requires a meta-
morphic tunnel junction between the 3rd and 4th subcells, as
shown in Figure 1. In this structure, the tunnel junction that
interconnects the 1st to the 2nd subcell is grown lattice
matched to the GaAs substrate. The third subcell is metamor-
phic, but the tunnel junction interconnect between the 2nd and
3rd subcells can be lattice-matched to the GaAs substrate if
placed before the compositionally graded buffer. The third tun-
nel junction, which connects the 1eV (3rd) and 0.7eV (4th)
subcells, must be metamorphic, and can be grown with the
same lattice constant as the metamorphic 1eV Gag7glng4As
material. Little research has been performed on metamorphic
tunnel junctions. As compared to the lattice-matched and pseu-
domorphic cases, the growth of semiconductor structures and,
in particular, of tunnel junctions, on metamorphic templates
may be complicated by factors including surface roughness,
local microscale strain and composition variations and thread-
ing dislocations, which are typical of these metamorphic
layers”® and can affect the growth and performance of the
devices grown on these templates. Concerning optical absorp-
tion, the 3rd junction in the 4J-IMM is usually made optically
thick, so any material with the bandgap of Gag7elng.4As
(~1eV) or higher allows this tunnel junction to meet the
requirement of transparency.

Previous research on tunnel junctions grown either pseu-
domorphic or lattice-matched to InP has used both GalnAs/

© 2014 AIP Publishing LLC
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FIG. 1. Structure of the 4J-IMM cell, including the metamorphic
Gay 76Ing 24A8/GaAsy 75Sbg o5 tunnel junction (TJ3) presented in this work.
The horizontal dimension of the drawing schematically illustrates the lattice
constant of the materials. The figure is not to scale.

GalnAs and GalnAs/GaAsSb material combinations.
Gag 47Ing 53A8/Gag 47Ing 53As  tunnel junctions grown by
MBE or MOMBE using beryllium as p-type dopant have
shown very high peak current densities over 10kA/cm?.”'°
However, in a MOVPE environment, zinc and carbon are the
most frequent p-type dopants used. It is normally advisable
to steer away from zinc for tunnel junctions, in order to mini-
mize dopant diffusion and tunnel junction performance deg-
radation during the growth of the next layers in the structure.
P-type doping of GalnAs using carbon involves dealing with
issues such as the amphoteric behavior of carbon which, to-
gether with a lower binding energy for C-In than for C-As,
gives rise to preferential incorporation of C in In sites lead-
ing to n-type doping, an effect that is made stronger as the In
composition increases.!! Besides, using CBry and CCly hal-
ides to dope GalnAs in MOVPE was found to strongly affect
the growth rate and surface morphology due to fast etching
of In by these halides. However, heavy carbon doping levels
have been attained in GalnAs for In compositions <0.5 at
low temperatures by appropriately adjusting the constituent
flows to compensate for the In etch.'?

The alternative option explored in this work for our meta-
morphic tunnel junction is using GaAsSb. Its growth by
MOVPE poses another set of complications, as will be
explained later, but very high carbon doping levels can easily
be attained in this material using CBr,4 or CCl,.">™* Moreover,
another benefit of using this material in a GalnAs/GaAsSb tun-
nel junction is the type-II band alignment that these structures
exhibit, which is reported to facilitate the tunneling of carriers
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via a lower tunneling barrier.'”” Pseudomorphic GaAsSb/
GalnAs structures were developed in the past for InP-based
tandem solar cells,'® achieving extremely high peak current
densities over 19kA/cm?. State-of-the-art Gag 47Ing s3As/
GaAsg51Sbg 40 tunnel junctions lattice-matched to InP sub-
strates exhibit peak tunneling currents over 572kA/cm?”.!
Pseudomorphic GaAsg ggSbo 1o/Gag g4lng 16As tunnel junctions
grown on GaAs substrates were developed for VCSELS struc-
tures working at lasing wavelengths as high as 1.1 um, demon-
strating the advantage of using a type-II band alignment.'

In this work, we present the development of a high per-
formance metamorphic Gag 76Ing24As/GaAsg 75Sbg .25 tunnel
junction grown on GaAs. The band offsets in this system,
which determine the tunneling probability, are calculated
and used to compare its performance to existing pseudomor-
phic or lattice-matched tunnel junctions. The effect of the
metamorphic template on the tunnel junction is also studied.

Il. CALCULATION OF THE BAND OFFSETS IN THE
GalnAs/GaAsSb SYSTEM.

The tunneling probability is exponentially sensitive to
the actual band offsets in the type-II band diagram of the
GalnAs/GaAsSb structure.' The band offsets depend on the
compositions of GaAsSb and GalnAs used in the structure.
In Refs. 18, and 19 compilations of calculated and measured
band offsets for a set of material systems are presented. In
view of the significant dispersion in the data obtained, the
authors in Ref. 19 provide a set of "recommended" offsets,
as a result of the comparative analysis of the data. The
GaAsSb/GalnAs system has received relatively little study
and for the composition used for the metamorphic tunnel
junction presented here (Gag76lng24As/GaAsg755bg»5), no
measured or calculated data is available. In order to extend
the data available in the literature and estimate the actual
band offsets in this system as an input for the subsequent
analysis we carry out in this paper, we have computed the
natural band offsets in the GalnAs/GaAsSb structure for a
range of material compositions using first-principles density
functional method. To model the fully disordered random
alloys, we wused large special quasirandom structures
(SQS’SZO’Zl) consisting of 512 atoms in a cubic supercell.
Local density approximation (LDA??) was employed to cal-
culate the valence-band offsets. Spin-orbit splitting of the va-
lence bands was also considered. The valence-band offsets
(referenced to that of GaAs) were obtained by first calculat-
ing the band offset between the SQS and a strained cubic
GaAs whose lattice constant matches that of the SQS. Core-
levels of the common cations (or anions) in the SQS/GaAs
heterostructures are used as references to determine the band
offset.?® Then, the valence-band energy of the strained GaAs
in the model system was shifted back to the value at the equi-
librium lattice constant using the absolute volume deforma-
tion potential** of GaAs. To correct the well-known LDA
bandgap underestimation, we performed hybrid DFT calcu-
lations using the screened Heyd-Scuseria-Ernzerhof (HSE*®)
hybrid density functional, as implemented in the VASP
package.® The bowing parameters of the bandgaps were cal-
culated to be b=1.15eV and 0.52eV for GaAsSb and
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GalnAs, respectively. The HSE bowing parameters that were
obtained using the large SQS supercells agree well with the
experimental values (bgaassp=1.2eV (Refs. 27-29) and
bGammas = 0.48eV (Ref. 19)). The conduction-band offsets
were obtained by using the calculated valence-band offsets
and the bowing parameters. In the DFT calculations, we
used experimental lattice constants at room temperature and
fully relaxed the atomic coordinates of the SQS supercells.

The results are shown in Figure 2. The fact that the
GalnAs/GaAsSb structure is type-II is made apparent in this
graph. As can be observed, for materials lattice matched to
InP (Gag 47Ing 53A8/GaAsy 51Sbg 49) the band discontinuities
are larger than for compositions of materials closer to the
GaAs lattice constant. Since the tunneling barrier height and
width depends on these discontinuities,'® the tunneling prob-
ability enhancement provided by the type-II alignment
should be less pronounced in our tunnel junction. This obvi-
ously affects the tunnel junction performance, as will be
shown in Sec. IV.

lll. MOVPE GROWTH OF THE GalnAs/GaAsSb
TUNNEL JUNCTIONS

The tunnel junctions developed in this work were grown
by MOVPE in a custom-built vertical, atmospheric pressure
reactor. Details of the tunnel junction growth parameters are
summarized in Table I. The MOVPE growth of this meta-
morphic tunnel junction poses some challenges. The growth
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FIG. 2. Band offsets in heterostructures comprising GalnAs and GaAsSb
materials, as calculated using the first-principles density functional method
at room temperature (see text for extended description). The valence and
conduction band offsets for the Gag7¢Ing24As/GaAsg75Sbg o5 structure are
indicated.
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TABLE I. Reactor characteristics and optimized growth parameters used for
GaAsSb and GalnAs in the tunnel junctions presented in this work. All
ratios indicated correspond to the gas-phase.

Reactor Vertical, atmospheric pressure, RF heater

TMGa, TESb, TMIn, AsHj;, PH;

Precursors HoSe, SioH,, CCl,

T, [°C]  P[mbar] GR[um/h]  V/II  Sb/V  Sb/lll
GaAsSb 550 ~815 1.5 1.2 0.26 0.31
GalnAs 550 ~815 4.5 15

of the metastable GaAsSb compound presents a complicated
chemistry with very narrow growth condition windows to
attain the required structural quality, due mainly to the low
volatility of Sb and the large miscibility gap of GaAsSb.*°
The particular precursors used also play a role in the growth
dynamics and, in combination with the growth conditions,
determine the quality of the material.*>*' However good
structural and electronic quality GaAsSb grown by MOVPE,
mainly lattice matched to InP, has been presented in the
past.**> The growth parameters shown in Table I were used in
this work for the metamorphic GaAsg75Sbgos layers. We
have confirmed the previous observations by other authors
that the V/III ratio must be ~1 to achieve the highest Sb
incorporation efficiency.>*** At the growth conditions used
(Table I) we observed a linear dependence of the GaAsSb
composition with the AsH;/TESD ratio. Sb tends to segregate
and not to incorporate before a certain surface concentration
is reached, as observed by RDS measurements.>* Therefore,
prior to growth of the GaAsSb anode in our tunnel junctions,
the surface is soaked with Sb and As for 6 s, in order to
prompt the Sb incorporation as soon as TMGa is introduced
into the reactor. Failure to do so was observed to produce
GaAsSb layers with unexpectedly low Sb content.

Extrinsic carbon doping using CCl, or CBr4 complicates
the MOVPE growth of GaAsSb by altering the net incorpora-
tion of constituents and, consequently, changing the compo-
sition of the material and the growth rate.'*'* Higher
temperatures led to lower growth rates and higher Sb incor-
poration, similarly as found for CBr, in Ref. 14. Yet for the
low growth temperature used for the optimized material in
this work (see Table I), the effect of CCl, was found to be
still significant. Nevertheless, changing the gas phase con-
centration of the constituents we could easily compensate for
the deviation of the composition caused by the CCly. Thus,
the calibration of the GaAsSb material growth must be done
using the CCl, flow required to attain the objective doping
concentration.

Strain also influences the growth of GaAsSb.*'** In the
metamorphic structure presented here, the tunnel junctions
are designed to be strain-free by carefully designing the com-
positionally graded buffer. However, crosshatch roughness
and micron-scale small composition variations are present
on the surface due to the effect of the strain fields induced by
the misfit dislocations introduced during the relaxation of the
metamorphic buffer structures.”*3® The interaction of this
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roughness and the composition variations with the already
complicated growth chemistry must be considered when
assessing the quality of the material and structures grown,
and may have an influence on the dependence of the tunnel
junctions on the roughness of the metamorphic templates
shown later.

The tunnel junction semiconductor structure under study
is grown on GaAs substrates with a metamorphic buffer to
access the lattice constant of Gag76lng24As (see Figure 1).
Carbon and selenium are used as p- and n-type dopants,
respectively. The anode and cathode were chosen to be rela-
tively thick (50nm) in order to limit the effect of the sur-
rounding layers on the band bending whose influence on the
performance of the tunnel junction is difficult to predict.
Since the absorption of light in this tunnel junction is
expected to be negligible, as noted in the introduction, using
a relatively thick tunnel junction was not considered a prob-
lem for the overall conclusions about the performance analy-
sis presented here. Both the substrate and the metamorphic
buffer are chemically etched before processing the devices.
The inset of Figure 3 shows the resulting structure of the tun-
nel junction devices.

These structures were then processed into 250 x 250 ym
tunnel junction devices, using standard photolithographic
techniques and gold electroplating. An IV curve tracer was
used to obtain the JV curves of these tunnel junctions using
the four-point probe technique. In Figure 3, the JV curves of
Gag 76Ing 24As/GaAsy 75Sbg 25 tunnel junctions with different

l J ] T I T I 2
1500 = eooraipimney o - o
: buffer (removed) ! r~6-10" Q. om?® ’o
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FIG. 3. J-V curves of the tunnel junctions developed, for different normal-
ized H,Se flows used in the cathode of the tunnel junction. The J-V curves
of several identical devices are shown for each case. When available, the
GalnAs cathode Hall doping levels measured are indicated. The doping level
in the GaAsSb anode is 5 x 10"’cm™ in all cases. The inset shows the tun-
nel junction structures used in this study. Note that the substrate and meta-
morphic buffer structure are removed in the tunnel junction devices
fabricated. The diodes fabricated are 250 x 250 um square shaped. The spe-
cific series resistance of the tunnel junction devices in the ohmic region indi-
cated is limited by the metal-semiconductor contact resistance.
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dopings in the Gag7¢lng,4As cathode are shown. The JV
curves show an increasing peak current density with the
doping level in the cathode. Peak current densities over
1500 A/em? are obtained for the highest doping levels used.
The relatively high specific series resistance exhibited by these
tunnel junction devices is limited by the contact resistance of
the electroplated gold metal contacts used, so the value shown
in the graph can be considered as an upper limit of the actual
specific series resistance of the tunnel junction semiconductor
structure. Nonetheless, as long as the application of this tunnel
junction to the 4J solar cell is concerned, the voltage drop at a
current density of 14 A/cm?, corresponding to an operating
concentration of 1000 suns, is below 10 mV. Therefore, these
tunnel junctions are suitable for their use as a 3rd tunnel junc-
tion in the 4J-IMM structure (Figure 1).

IV. PERFORMANCE ASSESSMENT OF THE TUNNEL
JUNCTION

The performance of these tunnel junctions was further
assessed by comparison with other previous pseudomorphic
or lattice-matched tunnel junction structures, using the
reduced doping level and the tunneling barrier height as the
parameters, similar to Ref. 17. The reduced doping level,
used commonly for tunnel junction analysis, is defined as the
ratio of the product to the sum of the doping levels in the
cathode and anode of the tunnel junction (N* =Nd-Na/
(Nd + Na)). The difference between the conduction band of
the cathode and the valence band of the anode can be used as
a quantitative proxy of the actual barrier height for tunneling
across the junction in the structure.!” In the Gag-6lng 24As/
GaAs(755bg 25 structure, this tunneling barrier height is

: | ® Thiswork: Gag 76INg.24AS/GaAsy 75Sbg 75 ]
10 ERomanczyk et. al and refs. therein: =
I O GaAs/GaAs ]
10° E O Gag 47Ing 53As/Gag 47INg 53AS 4
Fl A Gag 47Ing 53As/GaAsg 515bg 49 3
[ o, ]
5
10" (@) AN -
e fF o °° ]
3 al ©o 0.43 eV 1
g 0 °o o
~ E o ) E
3 3| ° 1
- 10 E_ ® _E
F O e O 7
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10 ¢ 3
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10 £ © .
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3 4 s 6 7
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FIG. 4. Peak current density plotted versus the reduced doping density (N*)
in the tunnel junction, for different materials and tunneling barrier heights
(labels) in the structure, as indicated in the legend. The filled dots corre-
spond to the data obtained for the tunnel junctions presented in this work.
The rest of data is obtained from Ref. 17 and references therein. The labels
indicate the estimated tunneling barrier height calculated as the difference
between the cathode conduction band and the anode valence band.
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0.98 eV, as calculated using the band diagram offsets shown
in Figure 2. In Figure 4, the peak current density of the
Gag 76Inp 24A8/GaAsg 75Sbg o5 tunnel junctions developed is
plotted against the reduced doping density, together with the
data corresponding to other material systems compiled in
Ref. 17. As can be observed, the performance of the tunnel
junction developed in this work fits well in this graph, consid-
ering the effect of the tunneling barrier height on the tunnel-
ing current. An interesting point to make is the fact that the
peak current density of this tunnel junction is lower than in
the case of Gag47Ing 53As/Gag 47Ing 53As lattice matched on
InP substrates, even though in this case the band diagram is
not type-II. Therefore, as long as the 4J structure is con-
cerned, growing the 3rd tunnel junction after the second
metamorphic buffer (see Figure 1), i.e., with a lattice constant
of InP, could be advantageous to attain a higher electrical per-
formance. However, this tunnel junction would not be trans-
parent to the light that has to be transmitted to the 4th
junction, giving rise to a higher optical absorption and a pho-
tocurrent loss in the 4J-IMM. Since the electrical perform-
ance of the tunnel junction developed is already very high, as
shown in Figure 3, a loss in photocurrent when using a
Gag 47Ing 53A8/Gag 47Ing 53As tunnel junction would predict-
ably not be compensated for by a better electrical
performance.

V. EFFECT OF THE METAMORPHIC TEMPLATE

Gag 76Inp 24As metamorphic templates grown on GaAs
substrates, using a GalnP CGB, with relatively low rms
roughness and threading dislocation densities (TDDs),
around 10nm and 1 x 10°cm ™2, respectively, were pre-
sented recently.” Nevertheless, we wanted to explore if the
TDD and roughness from metamorphic buffers influence the
performance of the metamorphic tunnel junctions. To test
this, we varied the buffer structures using the CGBs pre-
sented in Ref. 37, giving rise to different quality

T I T
Labels: TDD in each buffer —

T

340
1-10° em™
320+
300
280+

260

Jpeak (A/sz)

240

220+

200 | 1 l l =
15 20 25 30

RMS roughness (nm)

FIG. 5. Peak tunneling current vs. the RMS roughness of the GalnAs tem-
plates the tunnel junction is grown on. For each template, a TDD was meas-
ured, which is indicated by the labels.
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Gag 76Ing 24As templates, and subsequently grew identical
tunnel junctions on top of these templates. In Figure 5, the
peak current density of the resulting tunnel junction devices
is plotted against the rms roughness and TDD of the meta-
morphic templates. As can be observed, lower roughness
and TDD produce better performing tunnel junctions.
Separating the effects of the roughness and TDD, to ascer-
tain if one or both have any influence, is not straightforward
and was not attempted in this work. Possible causes behind
this result include composition fluctuations across the tunnel
junction area due to the roughness, effect of TDD on dopant
diffusion, etc. Concerning the application of these tunnel
junctions to 4J-IMM solar cells, for all templates shown in
Figure 5, the performance of the tunnel junction is high
enough as to serve as a series connection with negligible
losses in a multijunction solar cell. However, the influence
of the metamorphic template on the performance of the tun-
nel junction can be important in other cases where the qual-
ity of the metamorphic template used is worse or in devices
where the attainment of very high tunneling currents is
critical.

VI. CONCLUSIONS

In conclusion, we have presented a Gag7lng24AS/
GaAsg 755bg 25 metamorphic tunnel junction grown on GaAs
substrates, assessed its performance against the calculated
band discontinuities of the type-II band structure produced at
this precise composition and compared its performance to
other lattice-matched or pseudomorphic tunnel junctions. A
dependency of the TJ performance on the quality of the
metamorphic template has been observed. However, the
effect is small enough that all templates studied resulted in
high quality tunnel junctions for multijunction solar cell
applications. With the performance exhibited, this metamor-
phic tunnel junction enables the series connection of the
metamorphic 0.7 eV subcell in 4 J-IMM structures for opera-
tion at concentrations higher than 1000 suns without signifi-
cant losses attributable to the tunnel junction.
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