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Abstract

Increasing competitiveness of photovoltaic (PV) devices is currently an important objective in technological research, especially
with the development of tandem solar cells based on c-Si as the bottom cell. For a monolithical structure, a tunnel diode in
between the top and bottom cells is necessary.

In this work we report on the development of the fabrication of Si tunnel junction using a combination of spin-on doping and
proximity rapid thermal diffusion. A desirable attribute of this process is simplicity. Two different structures p”"/n"" or n*"/p*"
were fabricated on (100) Si substrates. Carrier density profiles were measured by ECV to characterize the shallow doping
profiles. Vertical tunnel diodes were fabricated and I(V) characteristics are presented. It is shown that device peak current
densities up to 270 A/cm? are achieved using this technique, which is the best value reported with such simple technique.

© 2017 The Authors. Published by Elsevier Ltd.
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG.

Keywords: tandem solar cell; silicon tunnel junction; proximity rapid thermal diffusion

1. Introduction

In the past 15 years, the photovoltaic (PV) industry has drastically reduced the fabrication cost of silicon solar cell
modules reaching a very low 0.37US$/W,, in 2016 [1]. It means that further cost reduction of PV modules mainly
relies on better cell efficiency at low cost. However, the record efficiency of crystalline silicon (c-Si) single junction
solar cell (26.3% [2]) is approaching the 29.4% maximum limit which is due to different physical loss mechanisms.
Thermalization losses are reduced in multijunctions structures, which are fabricated using a combination of III-V
alloys as upper cells and Ge substrate as bottom cell [3-4]. However, the use of expensive Ge substrates or wafer
bonding techniques still restricts them to niche applications under concentration or in space. An obvious way to
reduce the cost is to use Silicon substrates to realize the lower cell, which also brings the advantage of a well-
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established industry. To create a tandem cell with Si as bottom cell, the top cell should have a bandgap of 1.7 eV and
efficiencies up to 41.9% are theoretically achievable [5]. Recent research efforts have been devoted to this structure
and several materials can be used to fabricate the top cell including III-V alloys [6], perovskite [7-8]. Even higher
efficiencies may be obtained with 3 junctions but with more complex schemes [9]. There are 2 ways to implement a
tandem Si solar cell:

e 4-terminal tandem solar cell allows optimizing each sub-cell separately [6] but may generate extra costs with
more metallic contacts.

e 2-terminal tandem solar cell consists in a monolithic integration of the top structure by epitaxy (or deposition) or
by transfer and bonding on silicon. It requires an electrical coupling between the 2 sub-cells without preventing
transmission of infrared light to the Silicon bottom sub-cell. Transparent conductive oxide (TCO) is an option
[10] but suffers from parasitic absorption and limits the temperature of the subsequent process (elaboration of the
top cell).

In this context, the contact between the two sub-cells is a key element of a monolithic 2-terminal tandem solar
cell. A transparent conductive oxide (TCO) will limit the temperature process for the fabrication of the top cell. An
alternative is a c-Si Esaki tunnel junction consisting of two highly doped and very thin n-type and p-type regions
implemented on top of the Si bottom cell. In such a diode, the electrons move from the degenerated n-type region to
the degenerated p-type region via tunneling process, enabling electrical coupling with minimal parasitic absorption.
Molecular beam epitaxy (MBE) is an evident solution and already led to very efficient tunnel diode but its high cost
is a serious bottleneck for PV applications [11-12]. We can also mention a PECVD doped a-Si deposition followed
by recrystallization [8]. In this work we focus on a low-cost technique combining spin-on dopant (SOD) sources and
rapid thermal annealing (RTA) to realize 2 successive diffusion of p and n type (or vice versa). Such technique is
well adapted for the PV industry which widely uses belt furnace industrial processing. The main difficulty is to
achieve very high doping concentrations with very sharp doping transitions considering the compensation of the two
dopants inherent to this method. This explained the few works combining Si bottom cell with a tunnel diode realized
by rapid thermal diffusion (RTD) [13-14].

In this paper we demonstrate, with a simple elaboration technique, the possibility to use eithern™/p™ orp""/n"" c-Si
tunnel diodes to give the path to select later either n- or p-type absorber (III-V or perovskite) for the top cell (Fig. 1).

Si n++ tunnel Si p++ tunne
Si p++ emitter Si n++ emitter

n+ BSF p+ BSF
Back contact Back contact

Fig. 1. Schematic of Si solar cell with integrated Si tunnel junction for tandem structure with a n-type absorber (left) or p-type absorber.
Note that the top cell is not implemented in this work.
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2. Proximity rapid thermal diffusion
2.1. Experiments

Rapid thermal annealing (RTA) is an established technique for ultra shallow junction fabrication. It can be
combined with ion implantation, spin-on dopants (SOD), doped polysilicon, CVD deposited oxides, or planar solid
sources [15]. We decided to combine SOD and RTA for their low thermal budget and their simplicity. Spin-on
dopant can be deposited directly on silicon; however, especially in boron case, it can generate a residue layer of
Boron Silicide at the wafer surface, which is difficult to etch as it is insoluble in HF. To avoid this problem,
proximity rapid thermal diffusion (P-RTD) is an interesting technique [16]. The SOD is deposited on a Si wafer to
be used as dopant source. This dopant source wafer is stacked in proximity to the Si target wafer separated by
300um thick Si spacers, as shown on fig. 2. When heating in a N, ambient, the dopants go across the short space
from the source wafer to the target wafer then diffuse through the silicon. This method allows also a better control of
the junction depth.

D Heating lamps

Si source wafer

T control

_’_l_\ﬁ

Spacers

Si target wafer

Si support wafer

TR

Fig. 2. Experimental set-up of the P-RTD

Source wafers were cleaned using 5% HF followed by a 15 min H,SO4/H,0, solution to form a chemical oxide
on the Si surface to improve the stability of the SOD which is deposited in the next step. Emulsitone
Phosphorosilicafilm and Borofilm 100 were used as SOD sources for the n™" and p™" layers, respectively. The SOD
is spun onto the source wafers at 3000 rpm during 30 s. The wafers were then baked at 200°C in air during 10 min.
The P-RTD was performed under N, gas flow at atmospheric pressure in a ADDAX RTA furnace. The temperature
peak was in the 900-1000°C range with a 50-100°C/s heating ramp.

2.2. Realization of the highly doped regions and characterization of free carrier density by ECV

The diffusion relies heavily on the temperature and the time of diffusion the wafer is undergoing at the peak
temperature. If the temperature is too high or the time is too long, the concentration profile runs the risk of not being
abrupt, therefore not leading to a shallow junction. If the temperature is too low, the concentration of dopants might
not be high enough to have a good tunnel junction. Also, when combining two successive diffusions, the second
dopant has to compensate the first one near the surface.

We measured the resulting doping profiles in the Si wafers by means of electrochemical capacitance-voltage
(ECV - WEP-CVP21). Unlike SIMS measurements which give total concentration, the ECV profile represents the
concentration of only electrically active dopants within Si and thus gives an accurate measurement of the junction
depth [17-18]. During measurements, Si is slowly etched with a standard 0.1M Ammonium Bifluoride solution.



580 Alain Fave et al. / Energy Procedia 124 (2017) 577-583

e n' '/p tunnel junctions on p* (100) substrates

The first diffusion of boron was carried out at T = 980°C during 1 s with a heating rate of 90°C.s”". After this
process, the sample was carefully cleaned using standard HF-H,SO,/H,O-HF solutions in order to remove native
oxide and contamination on the Si surface. During this step the first atomic layers of the Si substrate are removed.
Phosphorus is then diffused at T= 950°C during 1 s with a heating rate of 79°C.s™".

The ECV profile (Fig. 3, a) shows that both n- and p- type regions are degenerated with active dopant
concentrations above 10*° cm™, the concentration of phosphorus being 1.5 10*° cm™ and that of boron being about 2
10* cm™. Besides, the n-type region is very shallow (14nm) and a depletion region of only 3.4 nm is expected. This
is suitable to form a high-quality tunnel junction.
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Fig. 3. ECV free carrier concentration versus depth (nm) for the 2 structures: (a) n”'/p"™" ; and (b) p~/n""
e . . +
e p /n tunnel junctions on n" (100) substrates

The phosphorus diffusion was carried out at T = 980°C during 1 s with a heating rate of 90°C.s™". After this
process, the sample was carefully cleaned using standard HF-H,SO,/H,0O-HF solution. For Boron diffusion, a 2
steps process with 2 successive P-RTD was applied, with a standard cleaning step in between. The first one is
realized at 980°C (1s with a 65°C.s" heating ramp); the second one at 900°C (1s with a 65°C.s™" heating ramp). With
a single boron diffusion step, it was not possible to overpass the initial n-type level. Actually, as the boron solubility
in Si is lower than that of phosphorus [19], after the first boron diffusion, there is a compensation of boron by
phosphorus atoms and no p-type can be detected by ECV. One can note that finally, if the resulting carrier
concentration is also higher than 10*° cm™ for p- and n-type region, the p-type region is deeper than desired, with a
27 nm depth (Fig. 3, b).

3. Tunnel diode characterization
3.1. Tunnel diode fabrication

In order to evaluate the quality and the efficiency of our tunnel junctions, we fabricated vertical tunnel diodes on
highly doped wafers to limit the contribution of the substrate to the series resistance. The diodes were processed on
2” wafers using photolithography and electron gun evaporation of Ti/Pd/Ag/Al (50-50-200-200 nm) for n type Si
and Al (300 nm) for p type Si. Reactive ion etching (RIE) in SF6 and Ar, 5-20 sccm, 15 mTorr, 60W was used to
form the device mesa, approximately 600 nm deep, leading to a diode diameter of 200 pm. Further annealing of the
front contacts was realized at 350°C under N, during 30 s. The back contact was obtained using eutectic InGa.
These test structures are sketched in Fig. 4 (b) and 5 (b).
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3.2. Tunnel diode I(V) characterization

The room temperature current-voltage I(V) characteristics were measured with a Keithley 4200 semiconductor
parameters analyzer. Two important figures of merits are the peak current density (PCD) and the peak-to-valley
current ratio (PVCR). Both should be as high as possible to correspond to an ultra-low resistive contact.

e n' '/p" tunnel junction on p" (100) substrate

Fig. 4 (a) shows several tunnel diodes I(V) characteristics from the same substrate which provided the best
results. One can clearly see the tunnel diode behavior. The highest PCD obtained is 270 A.cm™ (85 mA for
0.314mm?) for a peak voltage of 0.6 V, with a PVCR of 2.1. The corresponding series resistance is 2 10~ Q.cm’.
Higher PVCR of 4.3 are obtained but with a lower PCD. Nevertheless, the low series resistance is similar for all
diodes. Note that the last annealing step (350°C) has a strong influence on these parameters. Without annealing, the
PCD didn’t exceed 180 A.cm™. And the I(V) profiles after the peak voltage were not as smooth with a lot of
background noise, which point out that the contacts have to be improved.

However, the 270 A.cm™ is one of the best PCD value reported for P-RTD tunnel diodes. Better values were only
obtained by MBE growth [11] which is a too costly technique for PV applications.
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Fig. 4.(a) I(V) characteristics for n""/p™" Si tunnel diodes on p* (100) Si substrate at room temperature after a 30s annealing at 350°C. All the
curves are from the same wafer; (b) scheme of the corresponding tunnel diode structure.

e p /n" tunnel junctions on n" (100) substrates

Fig. 5 (a) shows tunnel diodes I(V) characteristics of the p"'/n"" structure. It clearly shows that the tunnel
behavior is not as marked as for the previous one. PCD of 150 A.cm™ can be obtained but with a low PVR (~1.2).
The resulting series resistance is also higher, between 3.4 10~ and 8 10™ Q.cm”. This is certainly related with the
deeper boron diffused region (27 nm) we obtained (Fig.3 (b)). Actually, such p~/n"" tunnel diode will be more
challenging to implement, due to the lower solid solubility of B in Si which is about 4 times less than the one of P in
Si[19].

The fabrication of such tunnel diodes should be followed by the deposition of the top cell structure. As perovskite
is a very low temperature process, the doping profiles of the Si subcell will stay unchanged. When considering I11-V
monolithic integration, epitaxy temperature is in the 450-600°C range [20]. We tested shallow phosphorous and
boron doped structures at 600°C during 30 min under ultra high vacuum. We didn’t observe any modification of the
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profiles except a slight decrease of phosphorous concentration near the surface probably due to exodiffusion.
Nevertheless, this behavior can be taken into account by increasing slightly the temperature of phosphorus diffusion
during tunnel junction fabrication.
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Fig. 5. (a) I(V) characteristics for p”"/n"" Si tunnel diodes on n* (100) Si substrate after a 30s annealing at 350°C at room temperature. All the
curves are from the same wafer; (b) scheme of the corresponding tunnel diode structure.

4. Conclusions

We successfully implemented a low thermal budget process to realize c-Si tunnel diodes using spin-on dopants
and proximity rapid thermal diffusion. The control of the junction depth in the 10-20 nm range was realized by
adjusting RTA temperature peak and heating ramp in the proximity configuration. Both n""/p™ and p™"/n"" vertical
tunnel diodes were fabricated, the last one showing a lower peak current density. Very high peak current densities
were obtained, up to 270 A.cm™, with a peak-to-valley ratio in the 2.1-4.3 range. This record value for P-RTD is
more than enough for standard tandem solar cell under 1 sun irradiation but also for high concentration applications.
Further improvements can be achieved by a better control of the metallic contacts, an optimization of the
temperature profile and by using dedicated furnaces for phosphorus and boron respectively. Nevertheless, these
results demonstrate that high-quality Si tunnel diodes can be realized at low cost, which is a prerequesite for the
development of competitive high efficiency c-Si based tandem solar cells.
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