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Abstract. An a-Si:H(i)/MoOx contact gives excellent surface passivation but often leads to carrier-selectivity issues upon
thermal treatments, and is limited by parasitic absorption originating from the a-Si:H(i) interlayer. Alternatively, a superior
contact transparency, combined with a better hole selectivity can be obtained by replacing the a-Si:H(i) by an atomic layer
deposited (ALD) Al>Os interlayer. In this work, we show that good surface passivation and thermal stability at temperature
up to 210 °C, can be achieved by using this scheme. As a result, a starting efficiency of 18.2% was achieved on a 6” c-Si
solar cell, with industrial processing based on screen-printing. Additionally, we showed that a post-deposition anneal (PDA)
treatment on the Al2O3 interlayer — prior to MoOx deposition - can further improve the surface passivation of the contact.
However, such treatment also makes the contact more sensitive to ITO sputtering damage and impedes the hole transport
through the ALOs interlayer.

INTRODUCTION

Passivating and carrier-selective contacts have shown to be an effective way to avoid charge carrier recombination
at the metal/Si interface in homojunction c-Si solar cells. This is achieved by inserting a passivating interlayer (e.g an
a-Si:H(i) or a tunneling SiO; interlayer) and a carrier-selective contact (e.g doped a-Si:H or poly-Si contacts) materials
in between the Si absorber and metal electrodes. However, these functional layers are a source of parasitic absorption
which in turn reduces the total amount of photogenerated carriers inside the Si absorber. Conversely, transparent
carrier-selective contacts, such as nanocrystalline and/or alloyed Si based structures [1-3], and dopant-free metal
oxides [4-6] have been explored to replace these doped Si-based contacts.

Among these dopant-free metal oxide contacts, MoOx has shown to be a very promising hole contact with a
conversion efficiency of 23.5% on a standard silicon heterojunction (SHJ) solar cell in which the p-doped a-Si:H(p)
layer is replaced by MoOx [7]. MoOy is a wide bandgap material (~3 eV) and acts a hole selective contact material
due its high work function (WF); an upward band bending is induced when contacted to Si and hence creates an
asymmetric concentration of hole to electron near the Si interface, which is essential for the carrier-selectivity of the
contact. However, it has been reported that the hole-carrier selectivity is lost when annealed at conditions needed to
optimize SHJ solar cells [8]. The carrier selectivity loss can be partially attributed to the a-Si:H(i) interlayer which
reduces the induced band bending inside the Si absorber [9], and its high valence band (E, ~5.62 ¢V) which in turn
impedes the transport of holes [10]. Consequently, alternative interlayers, such as AlLOs; have been explored to
potentially replace a-Si:H(i).

Atomic Layer Deposition (ALD) of Al,O3 has been extensively explored for c-Si solar cells due to excellent surface
passivation properties which can be explained by the excellent chemical and field effect passivation; the chemical
passivation of Al,Os originates from the formation of a thin SiO; interlayer during the initial cycles while the field
effect passivation can be attributed to the high negative fixed charge density present within ~1 nm from the Si interface
[11]. To achieve high level passivation, as-deposited ALD Al,Oj layers, typically undergo a post-deposition annealing

SiliconPV 2021, the 11th International Conference on Crystalline Silicon Photovoltaics
AIP Conf. Proc. 2487, 020001-1-020001-7; https://doi.org/10.1063/5.0097779
Published by AIP Publishing. 978-0-7354-4362-4/$30.00

020001-1

9€:%0:0} §20Z JoquianoN z|



(PDA) treatment that yields structural rearrangements in the Al,O3; bulk and interface [12, 13]. As a result, the
application of A,Os as a tunneling interlayer is very attractive for the hole-selective contact. Additionally, recent
studies suggest the possible implementation strategies for applying a tunneling Al,Os in the solar process, and showing
good recombination current density (Jy) and contact resistivity (pconaci) values [14, 15]. However, this concept has not
yet been applied at cell level.

In this work, we investigate the possible application of an ALD AlLOjs interlayer in combination with an evaporated
MoOx hole-selective contact. The effect of PDA temperature (Tppa) on the structural and electrical properties on the
Al>O3 interlayer will be investigated together with its influence on the surface passivation and carrier-selectivity of
the MoO,/Al,O3/c-Si contact in a solar cell.

EXPERIMENTAL DETAILS

The solar cell structure explored in this paper consists of a rear ITO/poly-Si(n*)/SiO; contact and a front ITO/MoO-
«/Al,O3 contact, and is referred as the “moly-poly” solar cell of which the early potential has already been previously
assessed [16]. The rear poly-Si(n®) contact is selected due to its excellent surface passivation properties, 10W peontact,
and good thermal stability under exposure to evaluating temperature. The “moly-poly” solar cell process flow is shown
in Figure 1. Note that the PDA step is performed prior to the MoOy deposition in an N, environment.

1. Texturing and cleaning 2.Thermal oxide interlayer 3. a-Si:H(n) layer deposition and
growth crystallization, & hydrogenation
4. HF dip + ALO, deposition 5. E-beam MoO, deposition 6. Front & rear ITO deposition
(+PDA)

7. Ag Metallization

ITO
MoO,

S0, Poly-Si(n*)

ITO

FIGURE 1. The process flow of our “moly-poly” solar cell consisting a rear poly-Si(n*) and front MoOx/Al203 contact. The
PDA step is performed on the Al>Os interlayer prior to the MoOx deposition.

6-inch pseudo-square Cz c-Si wafers with a resistivity of ~3 Qcm were selected, and textured in a KOH etching
solution, followed by a pre-gettering step via POCI; diffusion and subsequently etched, and finished by a smoothening
etch. The wafers were sequentially cleaned in an RCA 1 and 2, and NAOS solutions. Firstly, a tunneling SiO, layer
(~1.3 nm) was thermally grown at 610 °C in a low pressure chemical vapor deposition (LPCVD) reactor. Subsequently,
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a 20 nm phosphorus doped a-Si:H was deposited on the rear side of the samples by plasma enhanced chemical vapor
deposition (PECVD), crystallized in an N, environment at 900 °C, and hydrogenated with NH; plasma. Next, the
samples were dipped in a 1% diluted HF bath to remove the front LPCVD oxide, and subsequently the front side
interlayer was deposited by 8 cycles of spatial ALD ALLOs interlayer using the Levitrack from Levitech. The layers
were annealed in an N, environment for 20 min. at temperatures ranging from 250 - 600 °C using separate samples
for each Tppa setting. On top of the ALO; film, a 5 nm MoOx thin film was deposited at high vacuum (7x10°® mbar)
in an electron beam evaporator. The deposition rate of MoOx applied, was about 0.3 nm/s. Finally, the device was
capped, on both sides, with an ITO film in a PVD sputtering tool. The rear side Ag contact was deposited by sputtering.
The front Ag grid was screen printed using a low temperature Ag paste, and finally, the device was annealed in air for
curing the metal print.

The injection dependent minority carrier lifetime of the samples was evaluated by transient photoconductance
measurements using a Sinton WCT-120. The /" measurements of the solar cells were performed in a Wacom AAA
solar simulator at Standard Test Conditions. The results are corrected for spectral mismatch. X-ray photoelectron
spectroscopy (XPS) was performed on the oxide layers using a Thermo Scientific KA1066 spectrometer using
monochromatic Al Ka X-rays source. The thickness of these AlOy layers is determined by ellipsometry (SE, JA
Woollam).

RESULTS AND DISCUSSION

AL O3 Structural Properties Under PDA Treatment

Firstly, we investigated the influence of Tppa (250 — 450 °C) on the film thickness and elemental composition of
ALD AlOs film. Figure 2(a) shows the thickness of the deposited layers as a function of Tppa determined by
ellipsometry. Note that the structure formed after ALD consists of an Al,O; layer and a SiOy interfacial layer that is
naturally formed during the first few ALD cycles. The as-deposited interlayer results in an average thickness of 1.43
nm and does not change upon an anneal at Tppa =250 °C. However, a significant change in layer thickness is observed
at Tppa=350 °C, suggesting a growth process in the overall structure during the anneal. As is shown in Figure 2(b) this
growth process during the anneal can be correlated to the change in Si 2p spectra. A decrease in the Si peak is observed
with increasing Tppa while simultaneously Si oxidation states become more apparent which implies an increase in
stoichiometry of the SiOy layer.

Furthermore, Figure 2(c) shows that the as-deposited layer is characterized by a high Oy/O; ratio which indicates
the presence of residual OH groups. At this stage, no consistent Si-O and Si-H bonds are formed at the Si interface.
Through a thermal treatment in an N> environment, the residual OH groups are dissociated to create new Si-O and Si-
H bonds of which the latter passivate some of the Si dangling bonds present at the interface. However, this reaction
only happens at Tppa> 300 °C where the thermal energy is sufficient for the oxidation of Si by OH groups under
release of H [17].
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FIGURE 2. (a) Interlayer thickness as a function of Tepa measured by ellipsometry, (b) XPS spectra of the Si 2p peak, (¢) On/O1
ratio extracted from decomposing the O 1s spectra. Shirley background is substracted.
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Surface Passivation and Contact Selectivity

In this section, we investigate the effect of Tppa on the surface passivation and contact selectivity of the solar cell
precursors after MoOy and ITO films deposition (precursors are the test structures shown as steps 5 and 6, respectively,
in Figure 1). Additionally, a curing anneal step is subsequently performed at SHJ conditions after ITO deposition to
investigate the thermal stability of the solar cells; a curing anneal is usually performed on SHJ solar cells to ensure
good contact between the metallized front grid and the ITO. The iV, of the cell precursors at each aforementioned
steps is shown in the Figure 3(a). An increase in iV, after MoOy deposition is observed with increase Tppa of the ALD
layer. This increase in iV, can be related to the formation of SiO, during this anneal as well as the possible migration
of hydrogen towards the Si surface. After ITO deposition, a decrease in iV, can be noticed with increasing Tppa of
the ALD layer, in other words, the induced sputtering damage caused by the ITO deposition shows a dependency with
the thermal budget of the PDA applied to the Al,O; interlayer. It is speculated that the enhancement in Si-O
coordination upon annealing is the origin of the aggravated sputtering damage on the contact. Nevertheless, further
investigation is required to underpin the causes sputtering damage on the passivation quality. After performing an
curing anneal at 190 °C on the precursors, the solar cell with an as-deposited Al,Os interlayer shows an improvement
in i¥V,.. On the other hand, for AL,Os interlayer annealed at Tppa = 350 °C, the surface passivation is partially repaired
after the post anneal while for the precursor with an Al,Os interlayer annealed at Tppa = 600 °C no significant change
in i¥V,, was noticed after the post anneal.

In terms of contact selectivity, the difference between the iV,. and the external V,. (AV) is used as figure of merit
[18]. The AV of the solar cells with respect to Tppa on the Al,Os interlayer is shown in Figure 3(b); AV shows a
dependency on the Tppa carried out after ALD, where an increase in AV is noted with increasing Tppa. After annealing,
the AV is reduced to about 90 mV for the solar cell with an Al,Oz annealed at Tppa = 600 °C which is still much higher
compared to solar cell precursors with Tppa = 350 °C or without PDA . The effect of Tppa on the interlayer quality,
and hence the contact selectivity, can be explained by the thickening of the interlayer which limits the tunneling
transport across the interlayer. Furthermore, the formation of SiO, at the interface upon increasing thermal budget
results in an increase in valence band offset which impedes the hole collection [19, 20]. In comparison, the MoOx
contact with an as-deposited Al,Os interlayer shows excellent contact selectivity with AV < 10 mV, both before and
after the post anneal. The contact selectivity originates from an unrestricted hole transport across the interlayer.
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FIGURE 3. (a) iV of the hole contact at different manufacturing stages of the hole contact at different Tppa. Right: AV
(iVoc - external Voc) before and after anneal (190 °C) at the specified Tepa.
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IV Characteristics of Completed Solar Cells

After the front metal grid was screen-printed and the rear Ag blanket was deposited, the solar cells were annealed
at a curing temperature of 190 °C for 30 min. Subsequently, the 7/ characteristics were measured and results are shown
in Figure 4 and Table 1. The solar cell with an Al,Oj3 interlayer that received a PDA at Tepa = 600 °C shows a
distinctive S-shaped 7V curve with poor FF and V,.. As expected, the effect of the S-shape 7V curve is mitigated for
solar cells with ALLOs interlayer that was subjected to lower thermal budget. As a result, the best performing solar cell
is obtained for the as-deposited Al,O; interlayer and does not show any S-shaped IV curve characteristics. By
increasing the curing anneal temperature to 210 °C, the performance of the “moly-poly” solar cell is slightly improved,
resulting in a conversion efficiency of 18.2 %. This shows that a thermally stable selectivity contact can be
manufactured by using the MoOy/Al,O3 contact.

10 T T T T T T T T
—— No PDA ]
. —— Tppa= 350 °C
—— Tppa= 600 °C
— 6 -
<
IS
o 44 1
5
&)
2 -
0
-2 T T T T T T T T
0.0 0.2 0.4 0.6 0.8

Voltage [V ]
FIGURE 4. The effect of increasing Tppa performed on Al2O; interlayer on 7V curve of “moly-poly” solar cells

TABLE 1. IV characteristics of solar cells with AlOx interlayer treated at different temperatures

Trpa of ALO3 Teuring Voe Jse FF n

interlayer [ °C] [ °C] [mV]  [mA/ecm?  [%] [%]

600 190 516 32.2 20.1 33

350 190 628 37.2 60.3 14.1

As-deposited 190 650 36.9 75.5 18.1

As-deposited 210 651 36.9 75.6 18.2
CONCLUSIONS

In this work, we demonstrate that an ultra-thin Al,Oj3 layer, deposited by spatial ALD, can be used as an interlayer
for MoOy-based contacts in silicon solar cells. The Al,Os interlayer provides surface passivation and shows excellent
contact selectivity when combined with MoOy. In addition, the thermal stability of the contact is improved without
showing the presence of an S-shaped /' curve which is commonly observed for a MoOy/a-Si:H(i) contact. A PDA
treatment on the Al,Os interlayer impedes the transport of holes - consequently causes a carrier selectivity loss, and
aggravates the ITO sputtering damage. Further hydrogenation strategies and layer deposition conditions are being
investigated to improve the surface passivation of the tunneling ALOs interlayer to further improve the V. of the solar
cell.
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