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ABSTRACT: We fabricated n-Si/p-GaAs and p-Si/n-GaAs junctions, by combining low temperature (under 200°C) RF-
PECVD for Si and MOVPE for GaAs. In particular, we focused on low-resistance Si/GaAs tunnel junctions (< 1
mQ.cm?) suitable for the interconnection of two subcells in tandem I11-V/Si solar cells. We first demonstrate the growth
of highly doped epitaxial silicon films on GaAs despite the 4% lattice-match between these two materials. Spectroscopic
ellipsometry measurements were used to confirm the quality of the epitaxial Si layers. The electrical properties of the
grown junctions were measured based on four-point probes method and analyzed using TCAD simulations on Silvaco.
We demonstrate a very low resistance for the p-Si/n-GaAs junction, down to 3.10°° Q.cm?, with current densities above
10.000 A/cm?, suitable for ultra-high concentration photovoltaics, largely exceeding the requirement for our low

concentration targeted conditions (below 20 suns).

1 INTRODUCTION

Multijunction solar cells hold by far the highest
conversion efficiency for any photovoltaic cell, with a
46% efficiency record under concentration. In the context
of the French ANR research project IMPETUS, an
innovative approach for 111-V/Si multijunction solar cells
is studied. The targeted device is a tandem junction
composed of a I11-V top cell (AlGaAs) and a IV bottom
cell (SiixGex). The choice of AlyGaiyAs as the top cell
material is justified because it provides the optimum
bandgap combination with SiixGex, 1.63 eV/0.96 eV,
able to reach conversion efficiencies in excess of 42% in
a tandem configuration[1][2]. In our inverted
metamorphic approach, we first use MOVPE to grow the
AlGaAs top cell on a lattice matched substrate, and then
perform low temperature (LT-) PECVD heteroepitaxial
growth of SiGe for the bottom cell. The tunnel junction is
a key element to ensure a low resistance and minimum
optical losses between subcells.

There are many theoretical and experimental studies
exploring the tunnelling properties of various Il11-V
heterostructures[3][4]. However, the literature about
tunnel junctions (TJ) for hybrid 111-V/Si multijunction
solar cells is very scarce[5][6], despite the huge potential
of such devices. Thus, the aim of this work is to find the
best TJ architecture for connecting IlI-V and SiGe
subcells in a tandem device. Such TJ should provide a
low resistance path, while being highly transparent for
the subcell beneath and also be compatible with the
innovative PECVD/MOVPE approach studied in the
french ANR IMPETUS research project. We here present
both simulation studies using TCAD and experimental
achievements on p-Si/n-GaAs and n-Si/p-GaAs
heterojunctions.  Simulation results show superior
tunnelling properties for TJ made of p**-Si/n**-GaAs.
Morevover, we show the first experimental results of
hybrid tunnel junction structures designed for low cost
and high efficiency Si/lll-V solar cells, reaching high
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current densities (10.000 A.cm?) with a very low
resistance (3.10° Q.cm?) .

2 SIMULATIONS

The targeted device is a junction that is suitable for
low concentration applications. We already managed to
grow a GaAs/GaAs tunnel junction with a sufficient Jpeak
of 20.8 Alcm? [7] with a resistance of 1.7 mQ.cm?
Assuming that our typical Jsc at one sun is of 20 mA.cm2
and that we will work below 20 suns, we aim at a Jpeak Of
400 mA.cm at least with a resistance of 1.10- Q.cm? or
lower. Our objective is to see if the heterojunction
between the I11-V and the Si could play the role of a
tunnel junction interconnecting the two subcells.

TCAD simulation have been performed considering
only the non-local band-to-band mechanism with
electrons and hole effective masses of me=0.328 and
mh=0.549 for Si and me=0.067 and mn=0.642 for GaAs.
We assume there are no traps at the interface that could
further enhance Jpeak thanks to trap-assisted tunnelling
[8]. Also note that we inserted an additional series
resistance Rs of 5.107ohm.cm? to account for contact
resistances in the simulated tunnel junction device.
Figure 1 shows the simulated J-V curves of (a) n-Si/p-
GaAs (b) p-Si/n-GaAs junctions, for different doping
levels combinations. The n-type Si on p-type GaAs case
is less favourable than the other device. We see that for
doping levels of 1.10'° cm? there is no tunnelling
properties (black squares). For higher levels (3.10'° cm
on each side, blue diamonds), there is a tunnelling
property but the peak current is below 1 mA.cm3, which
is lower than our typical Jsc at one sun (20 mA.cm?). At
very high doping levels (1.10%° cm®), a peak current at
around 200 A.cm™ should be observed, which would be
enough for our targeted device. On the other hand, on
Figure 1.b) simulations show better tunnelling properties
for p-Si/n-GaAs, even at lower doping levels (1.10%° cmr
%) and can reach a very high Jpeak for higher doping levels.
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Figure 1 : Simulated J-V curves of (a) n-Si/p-GaAs (b) p-
Si/n-GaAs junctions

For doping level of 1.10%cm in both p-Si and n-GaAs,
the typical negative slope of a tunnel junction cannot be
seen, because the resistance of the device is so low that
we are limited by the contact resistance Rs set at 5.1077
Q.cm?,

In this paper, we chose to grow both polarities, first
of all to prove the feasibility of growing both p** and n**
doped silicon by low temperature PECVD on GaAs, but
also to compare the obtained devices with the simulation
and to choose the best device to interconnect the subcells
of our AlGaAs/Si(Ge) tandem cell.

3. EXPERIMENTAL METHODS

In order to grow the targeted devices, highly doped
GaAs films have been deposited by MOVPE. Then,
doped Si films have been epitaxially grown by low
temperature (LT) PECVD on those GaAs films. For each
film, we tried to reach the highest doping levels with the
better crystalline quality.

3.1 MOVPE growth of GaAs

The 111-V part of the tunnel junction has been grown
by metalorganic vapour phase epitaxy (MOVPE) in a
horizontal Aixtron 200 reactor available in the 111-Vlab,
on doped (100) GaAs wafers. The precursors used are
TMGa and AsHs, while SiH4 and CBrs were added for
the n-type and p-type doping respectively. Calibrations of
the GaAs doped layers were made, using an
Electrochemical Capacitance-Votage (ECV) to determine
the doping level. The highest doping levels we could
reach so far were 2.10'° cm for the n-doped GaAs:Si,
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and 1.10%° ¢cm3 for the p-doped GaAs:C.
3.2 Low-temperature PECVD growth of doped Si

One of the critical parts of the targeted heterostructure
is the growth of doped crystalline silicon on GaAs. The
doped Si films were deposited in a multi-plasma chamber
PECVD reactor operated a frequency of 13.56 MHz [9].
The depositions were performed at very low temperature
(below 200°C) using silane (SiHs) and hydrogen (Hz) gas
mixtures for the crystalline silicon films. The surface
cleaning before the epitaxial growth is performed by an
SiF4 plasma in the same reactor as the deposition [10].
All the films were characterized via spectroscopic
ellipsometry using a phase modulated ellipsometer
(UVISEL from HORIBA Jobin-Yvon) to determine their
crystalline quality.

Previous works at the LPICM have shown the
possibility of growing doped silicon on silicon (100)
wafers [11]. The main challenge was to adapt the
conditions to deposit these layers on doped GaAs grown
by MOVPE. Other works in our laboratory emphasized
that the GaAs surface cleaning is of high importance to
allow the growth of intrinsic Si on GaAs [12]. By
combining the previous knowledge and adapting the
conditions to the epitaxial GaAs, we managed to grow
both n-type and p-type silicon, with respective doping
levels of 1.10%° cm™ and 3.10° cm3. The details of these
PECVD growths are presented in the next part.

4 STRUCTURES AND DEVICES
4.1 n-Si on p-GaAs

n-type Si films were grown by PECVD at 175°C from
the dissociation of a SiHs4H2 mixture combined with
phosphine (PHs). Figure 2 shows the imaginary parts of
the pseudo-dielectric function of n-doped silicon films
grown on p-GaAs, together with the reference of the
crystalline Si bulk. The two characteristic peaks of
crystalline silicon can be seen at 3.4eV and 4.2eV, which
confirms that we had an epitaxial growth. The decrease in
the amplitude at high energy indicates a slight decrease in
the film quality, due to the dopant incorporation. It has
already been observed that the increase in doping level
slightly decreases the film quality on n-type epitaxial Si
films on (100) Si wafers. By Hall Effect measurements
on the same film co-deposited on intrinsic GaAs wafer,
we measure a doping level of 1.10% cm3,

50 T T T T T 50
45 || == Si ref 145
a0l —— n-Si on p-GaAs | a0
35 135
30 30
25 25
& 20 20
15 15
10 10
5 156
0 0
1,5 2,0 2,5 3,0 3,5 4,0 4,5

Photon Energy (eV)
Figure 2 : Ellispometry spectrum of n-Si deposited on p-
GaAs

Interestingly, we have been able to reach high doping
levels (1.10%° cm®) for both n-type Si and p-type GaAs.
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This polarity corresponds to the less favourable case for
tunnelling (Figure 1.a)), but with such high doping levels,
this structure should be able to behave as a tunnel
junction according to simulation results reported
previously.

4.2 p-Si on n-GaAs

The p-type Si films were grown at 150°C with
trimethylboron (TMB) on a n-type GaAs grown by
MOVPE (n**GaAs: 2.10%cm®). Three different samples
(A, B and C) were grown with the same deposition
conditions, but different thicknesses. Figure 3 shows the
imaginary parts of the pseudo-dielectric function of p-
doped silicon thin films grown on n-GaAs, together with
the reference of the crystalline Si bulk.
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Figure 3 : Ellispometry spectra of p-Si deposited on n-
GaAs

Thus, we managed to grow p-Si with a doping level
of about 3.10° cm™ on n-type GaAs (2.10%° cm3). These
values are lower than those achieved for the opposite
polarities, but should be high enough to enable tunnelling
according simulations (see Figure 1.b)).

Table 1 summarizes the samples presented in this study.

Table 1 : List of samples presented in this study

Name Intern Si Doping level Support GaAs
designation thickness in Si (cm™) (cm™®)
A-p | 150619-5 60nm | p3.10%° n2.10%
B-p | 150619-4 120 nm | p3.10% n2.10%
C-p | 150619-6 180 nm | p3.10% n2.10%
n-Si | 150619-2 180 nm | n1.10% p 1.10%

4.3 Process flow

The structures were fabricated by standard
technological steps in the IlI-V lab clean rooms:
photolithography, metallisation by ion beam deposition,
dry etching of the Si and wet etching of the GaAs.
Several mesa structures with different sizes (from 100
pum to 500 pm) were etched, in order to check the
reproducibility. The steps included a contact annealing at
400°C for 3 minutes.

Figure 4 shows the obtained structures. The J-V
measurements were performed at room temperature at the
GeePs, with four probes, including two back-probes
electrically isolated, and two front probes. We used a
keithley 2450 sourcemeter limited to 1A.
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Figure 4 : Test structures of the heterojunctions

5 RESULTS AND DISCUSSIONS
5.1. n-Si/p-GaAs

According to the simulation, such high doping levels
(1.10%° cm3) in both p-type Si and n-type GaAs should
lead to a linear behaviour around OV and a high peak
current (Jpeak above 200 A.cm?) for a few tens of mV.
Unexpectedly, we found a standard diode behaviour for
the n-Si/p-GaAs sample, as reveals the J-V curve in

Figure 5.
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Figure 5 : J-V curve n-Si/p-GaAs (reverse bias)

Several reasons may explain this unforeseen result,
namely an underestimation of the doping level or an
unintentional diffusion of silicon in the p-doped GaAs.
Secondary ion mass spectrometry (SIMS) has been
applied to investigate these points. The SIMS profile is
presented in Figure 6. It reveals the presence of 2.10%°
at/cm?® of P in the silicon layer, as well as 2.10%° at/cm? of
C in the 30 nm layer of p** GaAs. Those values are
consistent with the doping levels estimated by Hall Effect
and ECV measurements. The silicon profile illustrated by
the red squares and triangles curves shows a relatively
sharp transition indicating that Si compensation effect
can be neglected.
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Figure 6 : SIMS profile of n-Si/p-GaAs junction



31st European Photovoltaic Solar Energy Conference and Exhibition

If the concentration of carbon in GaAs is indeed
consistent with a doping level as high as 1.102%cm3, we
can wonder if the exposition of the GaAs surface to the
plasmas in the PECVD chambers could have affected the
dopants. Literature reports effect of a H2 plasma on p-
doped GaAs [13]. The diffusion of hydrogen in the layer
can lead to the formation of C-H complexes that
neutralise the C dopants. Further investigations need to
be performed in order to verify the hydrogen passivation
of dopants in p-GaAs. Electrochemical Capacitance-
Voltage (ECV) measurements on the final structure will
soon be done to measure the active doping level in the
GaAs after the step of Si deposition which includes an
exposition to an Hz plasma. If this hypothesis is
confirmed, hydrogen exodiffusion experiments would be
performed to reactivate the dopants.

5.2. p-Si/n-GaAs

Figure 7 shows the J-V characteristics of n++-
GaAs/p+-Si of 3 samples grown with different Si
thicknesses, measured at room temperature. The
measurements were performed from -1V to +1V. A
nearly linear behaviour was observed for each
measurement until reaching saturation at 1A. The
resistances were estimated to be 3.10° Q.cm?, 3.10*
Q.cm? and 5.10* Q.cm? for the A-p, C-p and B-p
samples, respectively. The J-V curves of the three
samples showed a very low resistances (<10 Q.cm?).
Linear characteristics have been observed up to current
densities as high as 10.000 A.cm2. We could not reach
higher currents because of the limitation of the
measurement setup. With such low resistances, the
voltage drop induced by the junction at our maximum
working current density (400 mA.cm? at 20 suns) is
below 0.2 mV.
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Figure 7 : J-V Characteristics of p-Si/ n-GaAs junction

Nevertheless, we were not able to measure the typical
negative slope of a tunnel junction. Metal contact
resistance seems to be the limiting factor which restricts
the tunnel current. Figure 8 shows the measured J-V
curve (blue triangles) compared to the simulated ones
with different doping levels. The red curve (saugres) is
simulated with a contact resistance of 3.10° Q.cm?
instead of the former value of 5.107 Q.cm?. It is worth
noticing that in that case, when the contact resistance is
close to the device resistance, the metallization-induced
series resistance will be limiting the current and we will
not observe the negative slope. TLM measurements are
being currently performed in order to have a better
insight on our contact resistance so as to implement it in
the model.
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Figure 8 : J-V Characteristics of p-Si/n-GaAs junction
compared to simulation. The red curve (squares) is
simulated for Rs = 3.10"° Q.cm?

Furthermore, the red curve in Figure 8 (squares)
seems to fit with our experimental measurement, but
corresponds to higher doping levels than in our samples.
The high current density observed cannot be only
explained by the probability of carrier tunnelling linked
to the doping levels. There should be other mechanisms
that could enhance the carrier tunnelling, such as TAT
(trap-assisted tunnelling). Literature reports the strong
impact of defects on tunnelling properties [8], [13],
which could explain such low resistance and high current
in our device. Other characterisations are ongoing to
provide evidences of this contribution, e.g. Raman
spectroscopy, studies after annealing and low-
temperature J-V measurements. These experiments
would enable to refine the model by adding a
contribution of the traps in the simulations to have more
realistic simulations.

In further studies, it will be important to have a good
trade-off between the doping level (impacting the epi-Si
crystal quality) and the junction performances (Jpeak >
400 mA.cm?, Rpeak < 1 mQ.cm?): indeed for the final
targeted device (epi-Si(Ge) on Il1I-V tandem cell), we
need to keep a high crystal quality for the bottom Si(Ge)
subcell.

CONCLUSION

In this paper we demonstrated the possibility of
growing highly doped Si films by low temperature
PECVD on GaAs despite the 4% lattice mismatch. First,
we reported a n-Si/p-GaAs grown with high doping
levels (1.10%° ¢cm?/1.10%° c¢m), with a standard diode
behaviour; contrary to what we were expected, there was
no tunnelling effect. This might be due to a neutralization
of p dopants in GaAs induced by the hydrogen plasma in
the PECVD chamber. We also reported p-Si/n-GaAs
junctions with very low resistance (below 5.10* Q.cm?).
This exceeds by far our requirement for the
interconnection between the two subcells of the targeted
tandem solar cell. This junction seems to be suitable for
integration in our Si/lll-V tandem cell. Studies on the
quality of the crystalline silicon are being currently led in
order to understand the role of the defects in the
tunnelling properties and to validate the compatibility of
this junction with the further growth of the c-Si subcell.
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