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High-performance hole-selective passivating contact is of significance in obtaining the high efficiency of a full-
area carriers-selective contact-based solar cell. In this work, we prepared a hole-selective passivating contact of
Al;03/MoOy/Ag and applied it to the rear of the p-type tunneling oxide passivated contact (TOPCon) solar cell. It
is found that the ultrathin atomic-layer-deposited (ALD) Al;O3 as a tunneling layer played an essential role in
improving the hole selectivity of Al;03/MoOy/Ag structures, and the optimal thickness of the tunneling layer
Al03 is ~ 0.56 nm. An ultra-low resistivity of 1.84 mQ-cm? was obtained on the Al,03 (0.56 nm)/MoOy (7 nm)/
Ag (120 nm) structure. Benefiting from the high-performance hole selectivity, the highest efficiency of 21.16%
was successfully achieved on the p-type TOPCon solar cell, which to our knowledge is the highest efficiency of
the MoOy-based p-type TOPCon solar cells. This work demonstrates that the hole-selective passivating contact of

Al;03/MoOy/Ag possesses great potential in the full-area carriers-selective contacts based solar cell.

1. Introduction

Tunneling Oxide Passivated Contact (TOPCon) solar cells with poly-
Si (n1)/Si0, structure have been becoming one of the most competitive
commercial crystalline silicon (c-Si) solar cells (Chen et al., 2020; Glunz
et al., 2021; Yu et al., 2021), attributing to the high conversion effi-
ciencies and the high process-compatibility with the baseline of the
passivated emitter and rear cells (PERCs). The high output performance
of the TOPCon lies in the excellent electron-selectivity properties
benefiting from the high level of passivation of tunneling oxide layers
and the excellent conductivity of poly-Si (n1)/Si05 (Chandra Mandal
et al., 2020; Gao et al., 2019; Khokhar et al., 2021).

However, the poly-Si (n1)/Si0, structure-based TOPCon solar cells
suffer from two major limitations. Firstly, the poly-Si (n™)/SiOy struc-
ture requires high-temperature processes, including thermal oxidation

( ~900 °C ) and ~450 °C plasma-enhanced chemical vapour deposition
(PECVD). Secondly, the poly-Si @h layer has significant parasitic ab-
sorption, and thus limits the output performance of the bifacial TOPCon
solar cell. To address the issues imposed, wide-bandgap transition metal

oxides (TMO) with low parasitic absorption (Gerling et al., 2016b) have
attracted many research interests because these thin films can be easily
prepared through the low-temperature and simple techniques such as
thermal evaporation, atomic layer deposition (ALD), spin coating and
magnetron sputtering. Yang et al. (Yang et al., 2016) developed a TiO,
(~2.5 nm, ALD) film based electron-selective contact, achieving low
surface recombination (Sey ~11 cm-s™ 1) and low contact resistivity (p.
~0.02 mQ-cm?) at the silicon and metal interface simultaneously. Wan
et al. (Wan et al., 2017) demonstrated a TaOx (~6 nm, ALD) as an
electron-selective contact, resulting in high-quality passivation ( Jp
~22.5 fA/cm? ) and the low contact resistivity (p. ~0.35 mQ-cm?) to
the silicon surface.

Furthermore, the hole-selective contacts generally exhibit lower
selectivity than the electron-selective contacts (Schmidt et al., 2018).
Hence, it is necessary to improve the surface passivation and holes
conductivity to improve the performances of the hole-selective-contacts-
based TOPCon solar cells. Many TMOs can be promising candidates for
high-performance hole-selective contacts, such as molybdenum oxide
(MoOy) (Battaglia et al., 2014), nickel oxide (NiOy) (Hossain et al.,
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2021), tungsten oxide (WOy) (Bivour et al., 2015) and vanadium oxide
(VOy) (Gerling et al., 2016a). Among these candidates, molybdenum
oxide (MoOy) is the most widely investigated material due to the wide
bandgap (~3 eV) and high work function (WF), leading to an upward
band bending at the silicon interface (Messmer et al., 2018). Zhang et al.
(Zhang et al., 2018) deposited a 9 nm MoOx film on top of c-Si by
thermal evaporation, achieving a Jy of 187 fA/cm? and a p. of 82.5
mQ-cm?. Cao et al. (Cao et al., 2019) studied the heterojunction (SHJ)
solar cells with full-area rear MoOx/Ag (thermal evaporation sequen-
tially) contacts, achieving an efficiency of 18.49%. Nevertheless, MoOy
does not offer sufficient passivation in contact with silicon. Al;Os film is
usually deposited on the front of the cell by ALD (Borylo et al., 2016),
acting as an antireflection coating and providing passivation (Dobr-
zanski et al., 2014; Drygala et al., 2016; Szindler and Szindler, 2021).
ALD ultrathin Aly,Os3 film is promising tunneling for a hole-selective
contact because of the excellent chemical and field-effect passivation
(Chowdhmy et al., 2020; Huang et al., 2015; Leszek et al., 2015;
Ogutman et al., 2020). Based on the hole-selective Al;03/MoOy stack,
Sen et al. applied it to the front side of the TOPCon device and achieved
an efficiency of 18.2% (Ah Sen et al., 2021). However, the passivation
superiority of the tunneling passivation layer Al,O3 and the holes con-
ductivity of the Al;03/MoOy stack were not fully demonstrated.

In this work, an AlpO3/Mo0O4/Ag structure as the hole-selective
contact was prepared on the full-area rear of the p-type c-Si TOPCon
solar cell utilizing low-temperature ALD and thermal evaporation
techniques. Firstly, the structural composition of the Al,03/MoOy stack
was represented in the way of transmission electron microscope (TEM)
and X-ray photoelectron spectra (XPS), respectively. Secondly, the
thickness dependence of the ALD-Al;O3 tunneling layer on the passiv-
ation effect and the conductivity of the Al;03/Mo0Oy/Ag structure for
holes were investigated. Finally, the optimal Al,03/MoOy/Ag structure
was applied to the full-area rear surface of the p-type TOPCon solar cell
(53 x 53 mmz), achieving the highest efficiency of 21.16%, revealing
the high hole selectivity of the Al;03/MoOy/Ag structure.

2. Experimental process
2.1. Aly,03/MoOy stack deposition and device preparation

The device structure consists of a front Ag/SiNy/SiO5 contact (Huang
et al.,, 2019) and a rear Al;03/MoOy/Ag contact. The square (53 x 53
mm?), boron-doped p-type, solar-grade, CZ c-Si wafers ((100) ) acted as
substrates, with a thickness of ~180 ym and the resistivity of ~2.0
Q-cm. The wafers were textured in a NaOH etching solution, followed by
the standard cleaning process. Then nt emitter was prepared on the
front of the wafer by laser-doped POCIl; diffusion in a quartz tube
furnace (800 °C) for 40 min. The wafers underwent a smoothing etch to
remove the phosphorous silicate glass (PSG). Then, the wafers were
cleaned in an RCA 1 & 2 (Kern and Puotinen, 1969) and dipped in the HF
(5%) solution to remove the native SiOyx. Then SiO, was formed by dry
thermal oxidation in a tubular type furnace (850°C), with 8 L/min
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oxygen flow rate and 0.6 A/min growth rate. The thicknesses of the SiO
were ~1.5 nm. The PECVD-SiNy layers were deposited to protect the
emitter surface by the NH,4/SiH4 reaction (SC-TD-450C). SiO, on the
rear of the samples was removed by HF (5%), and the wafers were
classified into three groups. The first group (G1) wafers were coated
with a thickness of 120 nm Ag layer (full area) by thermal evaporation at
the rear. The second group (G2), MoOs (~7 nm)/Ag (120 nm) stack was
deposited successively at the rear of wafers by thermal evaporation
without air break. The third group (G3), the rear side of wafers were
grown with the ultrathin Al,O3 film (8 cycles) by ALD at 150°C (the
Al,0O3 growth per cycle is ~0.69 A), and MoOj3 (~7 nm)/Ag (120 nm full
area) were conducted respectively on top of Al;O3 by thermal evapo-
ration without air break. Finally, the Ag grids of all group (G1, G2 and
G3) cells were screen printed and fired at 800°C approximately (CF-
Series, Despatch). Solar cell structures of G1, G2 and G3 are shown in
Fig. 1.

2.2. Characterization

The structure p-Si/Al,03/MoOy/Ag (2 nm/10 nm/120 nm /~180
pum) was prepared. MoOy (10 nm) and Ag (120 nm) films were deposited
respectively by thermal evaporation on a wafer with a single side ALD-
Al,O3 film (30 cycles, ~2 nm) deposition for TEM (FEI Talos). XPS was
utilized to confirm the elemental composition in a vacuum (below 2 x
10~ mbar). The X-ray source is monochromatic Al Ka (h, = 1486.68 eV)
calibrated with the carbon reference. A scanning electron microscope
(SEM, Regulus8100, Hitachi, Japan) was used to observe the cross-
section of the device and analyze the stack distribution on the back of
the device. To investigate the surface passivation performance of Al;Os3,
the quasi-steady-state photoconductance decay tester (Sinton WCT-120)
was used to measure the effective minority carrier lifetimes (T‘éﬁ) of the
samples at the minority carrier concentration of 1 x 10'° cm™>. Single-
side deposited samples were prepared to measure the contact resistivity
(pc) by the transfer length method (TLM). The pad spacing of the shadow
mask is 0.15, 0.2, 0.3, 0.4, 0.6 and 0.8 mm, and the electrode width is 3
mm. A MoOy/Ag (~7 nm/120 nm) stack was thermally evaporated on
top of Al,O3 by a shadow mask (Liu et al., 2021). The dark cur-
rent-voltage (I-V) measurements were performed through a four-probe
station. External quantum efficiencies (EQEs) of the devices were
measured with the platform of quantum efficiency measurement (PV
Measurements QEX10). A BERGER Lichttechnik Single Cell Tester
investigated I-V characteristics of the solar cells under the AM1.5 illu-
mination (Crown Tech IV Test Station 2000).

3. Results and discussions
3.1. Characterization of Al;03/MoOy stack

In order to investigate the structural composition of the Al,03/MoOy
stack, the structure of c-Si/Al;03/MoOx/Ag was prepared. Firstly, 30
cycles of ALD Al,O3 film were deposited, forming a thickness of ~2 nm.

n*  Sio, SiN,
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Fig. 1. Solar cell structures for (a) p-Si/Ag, (b) p-Si/MoO4/Ag, (c) p-Si/Al,03/MoOy/Ag.
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Secondly, after the deposition of the Al,O3 film, MoOx (10 nm) and Ag
(120 nm) layers were deposited respectively by thermal evaporation
without air break. Fig. 2(a) shows the 50 nm cross-sectional TEM image
of the cell’s rear surfaces (c-Si/Al;03/Mo00Ox/Ag). The distribution of
Al;03/MoOy stack can be observed clearly in Fig. 2(b), which is verified
in Fig. 3. The cross-section of the device under SEM is shown in Fig. 2(c),
with a pyramid structure on the front and an Al,03/Mo0Oy/Ag structure
on the back.

The Mo 3d core level energy spectra (see Fig. 3(a)) are divided into
the two peaks centred at 232.9 and 231.7 eV, respectively, in line with
Mo®" and Mo®* states, oxygen vacancies lead to the appearance of Mo+
cations (Kumar et al., 2021). A defect band caused by oxygen vacancies
in the MoOy aids hole transport between the Si valence band and the
MoOy conduction band in the way of trap-assisted tunneling (Vijayan
et al., 2018). These oxygen vacancies increase the conductivity of the
MoOxy film, which promotes the accumulation of holes (Ramana et al.,
2007). Fig. 3(b) shows the core level O 1 s for MoOx film with a peak
centred 530.5 eV, which corresponds to Mo-O bonding. The atomic ratio
of O/Mo is estimated to be 2.68 (<3). As seen in Fig. 3(c), 3(d), the core
level spectrum of Al 2p and O 1 s are located at 74.8 eV and 531.6 eV,
respectively, which correspond to the Al-O bond in keeping with pre-
vious reports about XPS of the Al,Oj3 film (Renault et al., 2002).

3.2. Passivation and conductivity

To demonstrate the surface passivation performance of Al;O3, the 7,4
of c-Si wafers deposited with different thicknesses of AlyO3 films was

I T L W,
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measured (see Fig. 4). As shown in Fig. 4(a), the samples symmetrically
coated with thicker Al,Os3 films (30 cycles and 50 cycles) reach a higher
Tefr (30.1 us, 18.7 us) after annealing at 425°C than the 7,5 (18.2 us, 2.8
us) of samples without annealing. However, the 7. of the samples with
thinner Al,O3 (6 cycles, 8 cycles and 10 cycles) decreases in the high-
temperature annealing (200°C, 300°C and 425°C). The maximum 7.4
of the sample with Al;O3 (8 cycles) without annealing is 51.7 us. Post-
deposition annealing improves the lifetime for AlyO3 layers (ALD)
thicker than 10 ALD cycles, while for Al;O3 layers thinner than 10 ALD
cycles, annealing causes the thickening of the interlayer, which is likely
to form Si-O bonds, resulting in the reduction of z.g (Ah Sen et al., 2021).
The passivation performance of Al;O3 with 30 cycles and 50 cycles is
improved after high-temperature annealing. However, the thinner Al,O3
is suitable for charge carrier tunneling. In terms of ultrathin Al;Os films,
due to the increase in interface state density, the passivation quality of
the ultrathin Al;Os film deteriorates, which may be caused by the
incomplete reaction of trimethyl-aluminium (TMA) molecules in the
first ALD cycle (Werner et al., 2011). Nevertheless, attributing to the
fixed negative charge, the thinner Al;Os can provide field-effect
passivation. Werner et al. introduced the Al,O3 passivation layer (1
nm) and obtained low surface recombination (Se < 100 cm/s), which
attributes to the high fixed negative charge of Al,Os film (Werner et al.,
2011). The as-deposited ALD is amorphous, consequently no crystallized
peaks after deposition. After annealing, it is difficult to assign a phase to
each specific peak due to uncertainty about the exact location of the
peaks and the presence of several double peaks (Fu, 2021). X-ray
diffraction of Al,O3 before and after annealing is carried out, and the test

Fig. 2. Cross-sectional view of the c-Si/Al,03/Mo0O,/Ag structure under TEM (a) 50 nm and (b) 10 nm, (c) cross-sectional view of the device under SEM.
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Fig. 4. (a) The function of 7 at different annealing temperatures with different thicknesses of Al0s3, (b) a schematic of TLM and I-V measurement results of Al;03/

MoOy stack with different Al;O3 thicknesses.

results are consistent with the reference.

Reducing the contact resistance of the Al,03/MoOx stack is crucial to
implementing ohmic contact with c-Si. TLM was used to measure the p.
of the stack, and I-V measurement results are exhibited in Fig. 4(b). A
MoOy (~7 nm) film and an Ag (120 nm) film were evaporated on the top
of the Al,O3 layer to create the Al,O3/MoOy/Ag contact structure by a
shadow mask. From the [-V measurements of the different Al,O3 thick-
nesses (the same pad spacing), it is clear that the contacts of the samples
with thinner Al;O3 (6 cycles, 8 cycles and 10 cycles) showed an ohmic
behaviour. After the correlation of the linear fits, the TLM extraction of
pcis 3.66 Q-cm?, 1.84 Q-cm? and 2.26 Q-cm?, respectively. The samples
with thicker Al;03 (20 cycles and 30 cycles) showed a Schottky diode
behaviour.
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3.3. Solar cells

The Al;03/MoOx stack was applied as a full-area passivation contact
to the rear of the p-type solar cell due to the excellent passivation and
conductivity. The p-type solar cells with the rear structure p-Si/Ag (G1),
p-Si/MoOy/Ag (G2) and p-Si/Al03/Mo0Ox/Ag (G3) were prepared. The
G1 and G2 were used as references. The structured image of G1, G2 and
G3 are presented in Fig. 1. The EQE curves of G1, G2 and G3 samples are
given in Fig. 5(a). The solar cell with the Al,03/MoOy stack shows the
highest EQE in the wavelength of 500-1100 nm than the devices
without Al;03/MoOx stack, attributing to excellent passivation perfor-
mance and low contact resistivity of the Al,03/MoOy stack. Fig. 5(b)
shows the current density—voltage (J-V) and power-voltage (P-V) curves
of solar cells with the highest efficiency among G1, G2 and G3 samples.
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Fig. 5. (a) EQE curves of G1, G2 and G3, (b) J-V, P-V curves of solar cells with the highest efficiency among G1, G2 and G3.

Table 1 shows the specific parameters of the devices in Fig. 5(b). V,,
(674 mV) and fill factor FF (84.18%) of the device with the Al,03/MoOy
stack are much higher than those without Al;O3 films. The fixed nega-
tive charge of Al;O3 can act as a back surface field and provide passiv-
ation. Gerling et al.(Gerling et al., 2016b) found that MoOy had limited
inherent passivation because of the high work function, which decreases
the density of surface electrons. In contact with elemental Si, MoOy is
not thermodynamically stable (Hubbard and Schlom, 2011), and thus
yields high interface recombination velocities (Sun et al., 2017; Zhang
etal., 2018). Al,03/MoOy stack leads to the V, increase from 623 mV to
674 mV. In contact with elemental Si, MoOy leads to an upward band
bending because of the high work function, which promotes hole
accumulation at the interface and reduces the contact resistivity. Thus,
FF increases from 77.87% to 80.55%. Meanwhile, the ultrathin Al;O3
film acts as a tunneling oxide layer, owing to the negative interface
charge density of Al;Os, the holes accumulation is further promoted,
resulting in the increase of FF from 80.55% to 84.18%. The result il-
lustrates that Al,O3/MoOyx stack significantly improves the device
performance.

Table 2 shows the output parameters of the reference (Cao et al.,
2019) and our experiment. Compared to the cells with a full area rear
MoOy/Ag contact fabricated by Cao et al., the device based on Al;03/
MoOy/Ag contact has a V,, increase of 43 mV, and a FF increase of 3.3%,
consequently increasing 7 from 18.49% to 21.16% (a relative increase of
14.4%). The improvement in device performance is attributed to the
excellent chemistry and field passivation of Al,O3 film. More holes are
collected by MoOx films through tunneling oxide layers.

Fig. 6 shows that the solar cell obtained the highest efficiency of
21.16% with a Vo of 674 mV, a Ji of 37.30 mA/cm?, and a FF of
84.18%, whose maximum power is 0.594 W. Compared to the sample
without Al;Os, V,. and FF of the sample with deposited Al;O3 were
increased by 3% and 4.5%, respectively. Inserting an ultrathin Al,O3
between c-Si and MoOx is an effective method to improve the interface
passivation and preserve the hole-selective accumulation by suppressing
the reaction of ¢c-Si/MoOy (Ah Sen et al., 2021). Finally, attributing to
the excellent performance of the Al;03/MoOy stack in terms of passiv-
ation and conductivity, the highest efficiency of 21.16% of the p-type
TOPCon solar cell with Al;03/MoOy/Ag is successfully achieved.

Table 1

Comparison of output performances for G1, G2 and G3.
ear structure (53 Voc Jse (mA/ FF Highest Average
x 53 mm?) (mV) cm?) (%) PCE (%) PCE (%)
p-Si/Ag 623 37.30 77.87 18.11 18.00
p-Si/MoOy /Ag 652 37.30 80.55 19.60 19.23
p-Si/Al,03 /MoOy 674 37.30 84.18 21.16 21.02

/Ag
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Table 2
Comparison of output performances of the device in the Ref.
Rear structure Voe (mV) Jsc (mA/cm?) FF (%) PCE (%)
p-Si/MoO,/Ag ( ref. ) 631 36.21 80.89 18.49
p-Si/Al;03/M0oOy/Ag 674 37.30 84.19 21.16
40
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Fig. 6. The J-V and P-V curves of the 21.16% efficiency solar cell with an
optimal Al,O3 (8 cycles)/MoOy (7 nm)/Ag structure.

4. Conclusions

This work demonstrates that the ALD-Al;03/MoOy/Ag structure
possesses well hole selectivity for the full-area p-type TOPCon solar cell.
The result shows that the ultrathin ALD-Al;Os3 thin film acts as a
tunneling layer like an ultrathin SiOy layer, and plays a vital role in
improving the hole selectivity of Aly03/Mo00Oy/Ag structure. By optimi-
zation of the thickness of ALD-Al>Os3, the highest 7,5 of 51.7 us and the
lowest p, of 1.84 mQecm? were simultaneously obtained on the Al,O3
(0.56 nm)/MoOy (7 nm)/Ag (120 nm) structure. Benefiting from the
excellent hole selectivity of this structure, we successfully achieved the
highest efficiency of 21.16% of MoOy-based p-type TOPCon solar cell, as
well as a V,,. of 674 mV, a FF of 84.18% and a J, of 37.30 mA/cm?. The
improvement of hole selectivity of the ALD-Al,O3/MoOy/Ag structure
demonstrates an effective way to the full passivating contacts high-
efficiency crystalline silicon solar cells.
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