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Abstract: A highly efficient hole-selective passivating contact remains the crucial step
required to increase the efficiency of polysilicon-based Si solar cells. The future development
of solar modules depends on a device structure that can complement the electron-selective
Tunnel Oxide Passivating Contact (TOPCon) with an equivalent hole-selective contact. We
investigate Plasma Enhanced Chemical Vapour Deposited (PECVD) SiNx and Atomic Layer
Deposited (ALD) AIOy as alternative nanolayers for the passivation layer in polysilicon tunnel
contacts. We have fabricated p* poly-Si contacts with resistivities below 100 mQ-cm? using
these alternative metal oxide and nitride nanolayers. Initial passivation tests yielded low levels
of passivation; however, a detailed understanding of the nanolayers elucidated the strategies
to improve passivation significantly, achieving an implied open circuit voltage (iVoc) of 698 mV
and dark saturation current density (Jo) of 34 fA/cm? for a p* poly-Si contact using a PECVD
SiNy interlayer. These are among the best reported for nitride-based nanolayer tunnelling
contacts, with research into nitride-based tunnelling contacts being still in its infancy.

Keywords: hole-selective contacts, silicon solar cells, polysilicon contacts, silicon nitride,
aluminium oxide, conduction mechanisms, passivation.

1 Introduction

Polysilicon-based contacts have emerged as a revolutionary contact technology unlocking
dramatic increases in the efficiency of single-junction silicon solar cells using industrially
compatible processes. The TOPCon structure, as it is known in the field, uses a SiOy
nanolayer topped with an n* poly-Si as the electron contact with a diffused boron emitter for
the hole contact.! This structure has achieved high power conversion efficiencies, with
efficiencies reaching 26%?2 and it is now replacing the Passivated Emitter and Rear Cell
(PERC) architecture in industrial manufacturing lines.® Further increases in the efficiency of
single junction c-Si devices requires passivation of both the electron and hole contacts, with
either both sides contacted*® or an interdigitated back contact (IBC) architecture.*5’ Studies
of SiOx/poly-Si contacts consistently show higher dark saturation current density (Jo) and
contact resistivity (pc) for the hole contact compared to the electron contact.®8-12 This can be
attributed to the properties of the SiOx and the Si/SiOy interface. First, the valence band offset
(VBO) of the SiOx to Si is large, limiting the tunnelling current®®. To obtain low-resistivity
contacts, pinholes must be formed by high-temperature anneals. Pinholes are small areas of
direct Si-Si interface, which are not passivated. At small pinhole densities, the passivation is
not affected but if the pinhole density is above ~10° cm?, the passivation quality of the contact
is reduced.’1® Second, in p-type poly-Si contacts the boron diffusion through the SiOy layer
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can be excessively deep, increasing Auger recombination.l’ In electron-selective poly-Si
contacts, the phosphorus builds up at the poly Si/SiOx interface,*® resulting in a shallow
diffusion and a strong field effect passivation (FEP) induced by the sharp doping profile.” On
the other hand, boron has a high solubility in SiO«!° so it is not blocked at the SiOx layer and a
deep diffusion can form during the poly-Si anneal. This reduces the beneficial FEP that forms
when a sharp dopant profile is present at the surface, as is the case for phosphorous-doped
polysilicon. In addition, the boron within the SiOy forms B-O pairs resulting in a strained Si/SiOx
interface!??° and an increase in defect states. The high diffusivity of boron, combined with the
requirement to form pinholes via a high annealing temperature, make the optimisation of a
hole TOPCon contact significantly more complex than the electron equivalent.

Recently, alternative dielectrics such as aluminium oxide (AlOy),2-2¢ silicon nitride (SiNy),?2%27
and titanium oxide?*?® and hafnium oxide have been investigated for passivating contact
structures. These materials offer potential benefits to SiOy in hole-selective contacts. First, the
dielectrics have a lower VBO, which enables low contact resistivity from purely tunnelling
conduction. The large VBO of 4.3 eV for SiOy2® effectively blocks hole tunnelling for
thicknesses above 1.2 nm. SiNy and AlOyx have lower VBO’s of 1.4 eV and 3.5 eV,
respectively,?® corresponding to allowable tunnelling thicknesses of 2.0 and 1.4 nm.1323
Secondly, SiNy or SiOxNy interlayers have been shown to block boron effectively, and thus
may produce improved diffusion profiles compared to SiOx p* poly-Si contacts.'”:?° Finally,
SiOx has a low fixed charge density (Qx). It relies only on chemical passivation to provide a low
surface recombination velocity. Alternative dielectrics can contain high Qr, which provides FEP
in addition to chemical passivation. Simulations investigating the effect of interface charge
show a beneficial effect in both the resistivity and passivation of the contacts for negatively
charged tunnel layers. The charge can reduce the requirements for doping in the poly-Si as
well. AlOy is well known to form a large negative charge at the Si surface.?**%-32 even in layers
<10 ALD cycles (<1 nm).%3! SiNy is known to have a positive fixed charge,® which could be
detrimental to the properties of a p-type contact by reducing the passivation, or increasing the
contact resistivity’®. Simulations have shown the highly doped p* poly-Si layer compensates
for positive charge, mitigating the effect for Q: <102 g/cm?.22 Initial findings suggest this charge
is sufficiently low in ~2 nm films.?3

Accurately quantifying the charge in the nanolayer dielectrics is difficult using standard
techniques (e.g. Ref.34-353*%) due to the highly conductive nature of the films. Previous
works®¢%7 used corona discharge to neutralise the internal charge in the dielectric. However,
leakage current through the dielectric changes the net charge between deposition and
measurement, resulting in an overestimation of Qr. Others used contacted C-V measurements
but accounted for the leaky dielectric by incorporating the conduction through the dielectric,
as well as the conductivity arising from interface states, into the theoretical models.353839
Lastly, charge in the dielectrics can be characterised using surface photovoltage (SPV)
measurements®. In this technique, the samples are not contacted so leakage through the
dielectric cannot occur. However, the effect of Qr and the interface state density (Di) on the
measured signal cannot be completely isolated, which limits precision. Developing techniques
to determine the fixed charge in nanolayer dielectrics is crucial to maximise the potential of
these materials in passivating contact structures.

There have been few studies incorporating dielectrics other than SiOy into poly-Si contacts.
The wealth of studies on SiOx has enabled optimised processing conditions to be established
for SiOx and hole-selective contacts have been fabricated with Jo approaching 5 fA/cm? for
p* poly-Si on p-type wafers.*, while p* poly-Si on n-type wafers can generally obtain better
passivation!2942 with the lowest reported Jo being 1.5 fA/cm™.%2 For non-SiOy dielectrics with



p* poly-Si on p-Si, the best SiNy contacts have measured an iVo. of 690 mV?? (approximate Jo
of 73 fA/cm? extracted using ref.44%*%) with a p. of 800 mQ-cm?,22 and AlOx contacts have
reported a Jo of 14 fA/cm? with a p. of 300 mQ-cm?.3” An alternative approach is to dope a
SiOy layer with nitrogen using an N2O plasma'’#®, This method aims to combine the beneficial
boron blocking seen in nitride-based contacts with the chemical passivation of an SiOy
nanolayer. It has proved effective, with a low Jo of 6 fA/cm? measured for p*poly-Si on n-Si.

For a full area passivating contact to have a negligible impact on the series resistance of the
cell, the contact resistivity must be below 100 mQ-cm?2.4” So far, it has proved challenging for
SiNx and AIOx contacts to meet this benchmark 2?37 while maintaining high levels of
passivation, despite the potential theoretical advantages over SiOx. However, many aspects
of these nanolayers are yet to be fully understood, so there is still scope for significant
improvement with optimised processing.

In this study, SiNx and AlOy are investigated in hole-selective poly-Si contacts. The resistivity
and passivation quality of the nanolayers are compared to UV-O3; SiOy reference samples. In
addition to measuring the contact properties of the alternative nanolayers, there is a focus on
obtaining a detailed understanding of the mechanisms governing the passivation and transport
properties of the contacts. This is achieved through temperature-dependent current-voltage
measurements (T-JV) to establish the dominant conduction mechanisms, and by developing
a capped C-V analysis to determine the relative contribution from chemical and field-effect
passivation. Using the understanding gained from these techniques, we processed a new set
of samples with improved passivation. They showed a large scope for process optimisation
and efficiency improvements when the tunnelling dielectric material is reconsidered in
p-TOPCon.

2 Experimental Methodology

2.1 Sample Fabrication

Poly-Si passivating contacts are prepared using the process flow shown in Figure 1a. Float-
zone p-type wafers (2 Q-cm) are cleaned using standard RCA cleaning and dipped in
hydrofluoric acid (HF) before dielectric nanolayer deposition of RF Plasma Enhanced
Chemical Vapour Deposition (RF PECVD) silicon nitride or Atomic Layer Deposition (ALD)
aluminium oxide. In an additional group, the samples undergo a second treatment in RCA2
solution after HF etching, and the resulting silicon oxide layer forms an interlayer between the
silicon and deposited dielectric (SiNx or AlOy). Silicon nitride is deposited using an Oxford
Instruments PECVD at 350 °C. The chamber pressure is held at 650 mTorr while 20 sccm
silane, 40 sccm ammonia, and 980 sccm N are admitted into the chamber. A 20 W plasma is
initiated for 3 s to deposit an SiNy layer of ~2 nm. Aluminium oxide is deposited in an Anric
thermal ALD at 150 °C. One full AlOx cycle consists of 3% trimethylaluminium pulse/purge
cycles followed by 2x H>O pulse/purge cycles. 10 deposition cycles (10 c) form a ~1.5 nm
AlOy layer. The reported thicknesses were measured using ellipsometry with a FilmSense FS1
multi-wavelength ellipsometer using a Cauchy fitting for SiNy and the model of McGraw-Hill
for AlO,.*®

For fabrication of p+ poly-Si contacts, a boron-doped amorphous silicon (a-Si) layer is
deposited on top of the thin passivating dielectric by PECVD in a KAI-M system from Unaxis.
The layer stack is then annealed in an Ar atmosphere with a heating rate of 10 °C/min to the
set point, immediately followed by a 2 °C/min cooling. Such annealing results in the
crystallisation of the a-Si layer into poly-Si, the activation of B dopants in the layer, and shallow

3



B-diffusion in the Si substrate. Optimisation of the PECVD parameters for a-Si deposition and
annealing temperature was carried out in previous work to maximise the surface passivation
while minimising the contact resistivity of the resulting p+ poly-Si contact*. The poly-Si contact
is formed on both sides of the Si substrate for lifetime samples. Then, a double-sided PECVD
SiNx layer of about 80 nm is deposited and fired at 840 °C to provide hydrogenation (Figure
1b). The p* poly-Si has previously been shown to achieve a high iVoc in SiOx poly-Si
structures.*®*%® The SiNx is removed using an 5% HF solution for electrochemical
capacitance-voltage (ECV) and resistivity measurements. Due to slight variations in the
processing conditions of the dielectrics and poly-Si layers, a SiOx reference sample is included
in each processing batch. The SiOx layer is grown on an HF dipped wafer by exposure to UV
light for 2 min (Jelight UVO cleaner 42) to form a 1+0.3 nm layer. Table 1 details the dielectric
layers and poly-Si anneal temperature included in each sample set.

The resistivity of the dielectric nanolayers is measured by depositing Al contacts using a
thermal evaporator. The poly-Si is etched using reactive ion etching (RIE) to leave an exposed
contact stack, preventing current spreading through the highly doped poly-Si. The rear poly-
Siis also removed using RIE, and then a rear Al contact is deposited. The contacts are cured
on a hotplate at 300 °C for 10 mins. The final structure for resistivity measurements is shown
in Figure 1c.
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Figure 1: a) Sample preparation process flow. A schematic of the final sample structure for b) lifetime
and PL measurements and c) J-V measurements.

Table 1: Dielectric interlayers and poly-Si anneal temperatures for each sample set.

Dielectric Interlayers Poly Si Anneal
Temperature (°C)

3 s SiNy

10 c AlOy

Sample Set A RCA2+3 s SiNy 850

RCA2+10 c AlOx
UV-O3
3 s SiNy
UV-O3

RCA2+3 s SiNy
Sample Set C RCA2+10 c AlOy 800, 850, 900
UV-Os

Sample Set B 800, 850, 900




2.2 Characterisation

The minority carrier lifetime was measured on symmetrical samples with either a Sinton
WCT-100 or WCT-120 instrument. The implied open-circuit voltage (iVoc) was extracted at 1
sun conditions and the Jo for a single side is extracted using the method described in ref.51°.
Photoluminescence (PL) images are taken with an in-house built setup. The photocarriers are
generated using an 808 nm wavelength laser and a PIXIS camera from Princeton Instruments
is used for the imaging. The ECV measurements are performed using an ECV CVP21 tool
from WEP. A 0.1 mol/L NHsF solution is used as the etchant. X-ray photoelectron
spectroscopy (XPS) is used for compositional analysis and band alignments of the nanolayer
dielectrics to silicon. Full details of the XPS are included in the supporting information.

Current Density-Voltage (J-V) measurements were performed using a Keithley 2611 source
meter, with the sample structure shown in Figure 1c. The RIE etch isolates the contact stack
to prevent lateral conduction in the poly-Si layer. A straight J-V curve between £0.1 V indicated
ohmic characteristics for all samples. The total resistivity (o) is extracted from the inverse
gradient of the curve between £0.01 V as:

_ [y ]‘1
Ptot = N
and the contact resistivity (oc) is determined by removing the spreading resistance of the wafer
(Rs), given by,

p 4t
R; = an arctan (E)

Where p is the wafer base resistivity, d is the contact diameter and t is the wafer thickness.
Hence, the contact resistivity is calculated as

Pc = Ptot — Rs - Ac.

Where A is the contact area. Temperature dependent J-V measurements are used to
determine the dominant hole transport mechanisms across the dielectric interlayers. The
measurements followed the procedure detailed in previous work.23

2.2.1 Capped Capacitance-Voltage (C-V)

To determine the interface properties of the highly conductive tunnel dielectrics, a capped C-V
method was developed using a low-damage PECVD 100 nm SiOy layer to prevent conduction
through the dielectrics. The SiOy is deposited using Oxford Instruments PlasmaPro 80. The
chamber is held at 800 mTorr with gas flows of 10 sccm silane, 680 sccm N2O, and 790 sccm
N.. The stage is set to 350 °C and a plasma power of 20 W is used to deposit the SiOy at a
rate of ~1 nm/s. The thick SiOy is deposited on top of the nanolayer dielectrics to suppress the
high conductivity, while the original Si/dielectric interface strongly influences the C-V signal.
Silicon oxide prevents a substantial FEP effect, which would affect the measurements. Some
hydrogenation may occur during the SiOx layer deposition and reduce the Di. Indeed, the
lifetime of the SiNx samples increased after SiOx deposition (from ~40 to ~100 us). Figure 2a
shows the process flow for fabricating the capped C-V test samples.

C-V measurements are performed on 10 Q-cm, p-type, Cz wafers at 1 MHz using 1 mm
circular aluminium contacts. An Agilent E4980A precision LCR meter is used to sweep the
voltage from the depletion region to accumulation with a 20 s initialisation delay and a 1 s step
delay. The A.C. signal is set to 0.05 V. Theoretical fitting of the C-V curve is used to extract
the Qr and Dy of the Si/dielectric interface.®? The density of interface states as a function of the
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band gap energy is modelled as a constant value at the mid gap and an exponentially
increasing density towards the band edges.>® The density of states at the mid gap is used
when reporting values of Di.

Figure 2b shows a C-V curve for a 100 nm PECVD SiOx sample, without a nanolayer dielectric
interlayer, and includes the theoretical fit (black line). The sample shows a characteristic ‘S
shaped’ curve, as expected for a Metal-Insulator-Semiconductor (MIS) device. The voltage at
which the inflection point occurs indicates the charge present at the Si/Dielectric interface,
while the transition between the accumulation and depletion regimes provides information on
the density of interface states. The charge and Dy indicated in the inset are higher than would
be expected for a 100 nm thermal SiOx. The high Dy is as unsurprising for a low-temperature
deposition of SiOx. When measuring the nanolayer dielectrics, the PECVD SiOyx does not
directly contact the silicon, so the C-V measurement is not affected by the SiOx Di. The charge
of 7-8x10' g/cm? might have a minor influence on the underlying dielectric, resulting in a
small systematic error in the absolute value of Qs extracted. The charge likely forms at the
SI/PECVD SiOy interface, which is not present when PECVD SiOy is used as a capping layer
on another dielectric. Therefore, it cannot be corrected by simply subtracting the charge in the
PECVD SiOx from the value measured in the dielectric/SiOx stack. The influence of this charge
is considered in the discussion of the results. The error is systematic, so it is consistent for all
measurements, and therefore, the comparison between samples is unaffected.
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Figure 2. (a) Sample preparation for C-V analysis. 1. Deposition of dielectric, 2. Hot plate anneal (if
required), 3. Deposition of PECVD SiOx, 4. 350 °C anneal of PECVD SiOx 5. Deposited Al contacts on
front and rear. (b) C-V curve of 100 nm PECVD SiOx with no dielectric interlayer (two contacts
measured). Insets show sample schematic and theoretical fitting parameters.

3 Results and Discussion

3.1 Resistivity Measurements

Poly-Si contacts with either SiNx or AlOx nanolayers were fabricated according to the process
in Figure 1a (Sample Set A) and the resistivity was measured as described in Section 2.2. The
contact resistivity was measured for UV-Os SiOy, 5 and 10 cycles of ALD AlOx, 3 s PECVD
SiNy, and RCA2+3 s PECVD SiNx nanolayers. The poly-Si was annealed at 850 °C for all
samples, and the measured contact resistivity is shown in Figure 3a. The samples with 5
cycles of AlOy or 3 s SiNy have comparable resistivity to the UV-O3 SiOx. A slight increase in
the resistivity is measured for the 10 cycles of AlOyx and the RCA2+SiNy stacks but all contacts



stacks have median resistivities below 100 mQ-cm?. A contact resistance of 100 mQ-cm? is a
useful benchmark for fabricating a solar cell with a full area contact, without a significant
reduction in the fill factor (~0.05%abs).*’
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Figure 3: (a) Contact resistivity of Sample Set A: UV-Os SiOx, 5 and 10 cycles of ALD AlOx, 3s PECVD
SiNx, and RCA2+3 s PECVD SiNx nanolayers annealed at 850 °C. The box plots indicate the median,
25t and 75" percentiles, and the maximum and minimum values. A schematic of the samples is shown
in the inset. (b) The total resistivity measured between 100-300 K with theoretical fits for Sample Set A.
(c) The total resistivity measured between 100-300 K with theoretical fits for Sample Set B for different
annealing conditions. A pinhole radius of 0.5 nm is assumed.

Temperature-dependent J-V measurements were also performed for the dielectrics to provide
information on the conduction mechanisms present in the samples. Figure 3b shows the total
resistivity, piwt, measured between 100-300 K. The solid lines are theoretical fits, with the fitting
parameters shown in Table 2. The equivalent circuit diagram and an example fitting are shown
in Supporting Information Section 1, while a detailed description of the fitting procedure and
the experimental determination of the VBO using the XPS based Kraut’s method, is described
in previous work.?** The instrumental set up is described in Supplementary Section 3. It can
be seen in Figure 3b that all dielectrics follow the same trend with temperature. The decrease
in resistivity with reducing temperature is indicative of pinhole dominated conduction, and
indeed high pinhole concentrations are required to fit the data, as shown in Table 2. A second
batch of samples was prepared to study the effect of the annealing temperature on the
transport mechanisms (Sample Set B). The 3 s SiN,/poly-Si samples were annealed at 800,
850 and 900 °C. For the 3 s SiNy layer after an 800 °C anneal, the T-JV curve shows the
opposite behaviour with an increase in the resistivity at low temperature. This is fitted with
purely tunnelling conduction, indicating the pinhole density is below the sensitivity of the

7



technique and that these layers allow substantial tunnelling conduction despite being about
1.9 nm thick. It is noted that the 800 °C sample measures a slightly thicker dielectric. If this
discrepancy occurred during SiNx deposition, the thicker dielectric may have been less
susceptible to forming pinholes during anneal, which, in combination with the lower
temperature, resulted in the tunnelling behaviour and observed temperature trend.
Alternatively, the higher temperature anneals could induce thinning of the SiNx (densification)
as well as forming pinholes. We cannot distinguish between these two possibilities, but the
primary conclusion still stands. It is possible to fabricate purely tunnelling hole selective poly-
Si contacts. This means the high-temperature anneal may to be optimised solely for
passivation. In the contacts that formed pinholes, there is a mixed mode of current transport,
with contributions from tunnelling and pinholes. This is highlighted in Figure S1, where it is
shown that our samples are dominated by tunnelling conduction at room temperature, while
at low temperature pinhole conduction dominates. Hence, although pinholes form during the
high temperature processing, these pinholes are not required to achieve the low resistivity
SiNx contact. The high pinhole concentration results in a larger area of direct Si-Si contact,
which can reduce the contact passivation quality. An increase in Jo is predicted at pinhole
densities >108 cm 14-1655 _ 3 threshold that is significantly exceeded in these samples.

Table 2: Fitting parameters for T-JV measurements of Sample Set A and B, assuming a pinhole
radius of 0.5 nm.
T VBO taiel q)b Npin

[°C] [ev] [nm] [eV] [x10°cm?]

Dielectric

UV-O:SiOx 850 43 12 0 1
3 s SiNy 850 14 19 0 11
% znc\éz *3S  g50 14 192 0 0.6
5cyclesAlO, 850 35 132 0 1.4
10cyclesAlO, 850 35 132 0 2
o 3sSiN, 800 14 186 O 0
% 3 SiNg 850 14 173 0 1
P 35N 900 14 173 0 0.6

3.2 Passivation

The passivation quality of the poly-Si contacts was initially investigated using QSSPC on
symmetrical lifetime samples of Sample Set A. The samples were measured after the 850 °C
anneal and again after a PECVD SiNy hydrogenation layer was deposited on top of the poly-
Si and fired at 840 °C. At this stage, the AlOx samples had a lifetime too low to be measured.
The SiNyx samples are compared to the UV-O3 SiOx reference via their iVoc, as pictured in
Figure 4. The passivation of the SiNy layers is currently lower than the SiOy reference, both
after annealing and hydrogenation. The RCA2+SiNy shows the most significant improvement
in iVoc after hydrogenation, with one sample reaching an iVoc of 668 mV. We note that for this
batch, the iVoc measured on samples featuring the UV-O3 SiOy reference was about 15-20 mV
lower than usual after annealing and hydrogenation, with optimised UV-Os3 SiOy poly-Si layers
previously reaching iVoc of 720 mV®¢ . We attributed the variation to a drift in the PECVD
chamber conditioning when depositing the poly-Si layer. This suggests that the iVoc measured
on samples featuring thin SiNx and AIOx layers may also be higher when combined with
optimal poly-Si processing.
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Figure 4: iVoc of Sample Set A, SiNx nanolayers compared to the UV-Osz SiOx control samples.
Samples were annealed at 850 °C (shown as Anneal) then hydrogenated (shown as Hydro) using a
fired PECVD SiNx. 2 samples are measured at each processing step.

PL images of the poly-Si samples after hydrogenation provide a spatial map of the passivation
quality. Figure 5 shows PL images of a) SiNy, b) RCA2+SiNx and ¢) UV-O3; SiOx samples after
the hydrogenation treatment. Images of the other samples are shown in Figure S3. The UV-
O3 SiOy has uniform passivation, while significant inhomogeneities are observed in both SiNy
samples. The SiNy samples have large areas with poor passivation, which could be due to
issues with sample handling or a non-uniform deposition of SiNx. In the RCA2+SiNx sample,
the regions with the best passivation quality approach that of the SiOx. The significant spatial
variation partially explains the low iVoc observed in the SiNx samples, as the measured iVoc
is an average across the area of the Sinton instrument sensor. Although, the brighter regions
in the SiNy do not quite represent the same iVoc as the control UV/O3; sample.
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Figure 5: Photoluminescence images of (a) SiNx, (b) RCA2+SiNx and (c) UV-Oz SiOx after
hydrogenation.

3.2.1 Di and O analysis using Capped C-V

The reasons for the poor passivation quality of the AlO, and SiNx were investigated further to
develop a greater understanding of the differences between these dielectrics and a standard
SiOy layer. One of the key differences is that SiNy and AlOy can have high interface charge
densities. This is well documented in thick AlO, and SiNx layers used for surface passivation.*
Capacitance-Voltage measurements are often used to extract the interface charge and density
of defect states at a semiconductor/dielectric interface.>”*® However, the high conductivity of
the nanolayers used in passivating contacts prevents an accurate capacitance from being
measured. To overcome this problem a novel technique was developed, where a thick PECVD
SiOx (=100 nm) was deposited on top of the nanolayer dielectric. This reduces the conductivity
while the measurement remains highly sensitive to the Si/nanolayer interface. Figure 6 shows
the C-V curves for nanolayer dielectrics capped with 100 nm PECVD SiOy. SiNx and AlOy
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layers are compared to an RCA2 silicon oxide. All samples were made before any polysilicon
was deposited or fired, and thus are only indicative of the initial condition the interface
nanolayers display. The black lines indicate theoretical fits, and the fitting parameters are
detailed in Table 3.
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Figure 6: C-V analysis of AIOx and SiNx nanolayer stacks. Solid lines indicate the theoretical fitting, with
fitting parameters detailed in Table 3. A schematic of the sample structure is shown in the inset.

Table 3: Fitting parameters for capped C-V measurements.

Dielectric Q:[10*? g/cm?] Dy [10%* cm?]
RCA2 SiOy 0.7+0.1 0.5+0.2

3 s SiNy 0.6+0.05 0.6x0.2
RCA2 + 3 s SiNy 1+0.1 0.4+0.2
10 c AlOy -0.4+0.1 0.4+0.2
RCA2 + 10 c AlOy -3.2+0.2 2+0.5

In Figure 6, the SiNx nanolayer shows a similar behaviour to the RCA2 SiOy, and Table 3
confirms similar values of both Qr and Di. A slight increase in positive charge is seen for the
RCA2+SiNy layer. Note that there is a small systematic shift to positive Q: due to the intrinsic
charge in PECVD SiOy (as discussed in Section 2.2.1 and shown in Figure 2b). Despite this,
Qs below 10*? cm™ was observed in all SiNx layers, and previous simulation work determined
that at this charge concentration, there is only a small detrimental effect in p* poly-Si contact
properties®®. AlOx shows a distinct shift to negative charge, increasing significantly with the
addition of an RCAZ2 interlayer. At such high Qs the negative charge can contribute to
reductions in pc and Jo of the contact.’®* The higher Qr observed for the RCA2+AIO, stack
relates to the reactivity of the ALD precursors to the silicon surface. The oxidised surface
improves the adsorption of the TMA,* resulting in a higher concentration of Al in the film. This
is observed via stoichiometry analysis using XPS (Figure S7). The Dy increase in the
RCA2+AIOy stack is unexpected and could inhibit higher passivation levels. Further
investigation is required to study the cause of the high D and develop methods to mitigate it.
These results agree with previous measurements using SPV,% further validating the
technique, while this C-V method enables a more precise evaluation of the interface.
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3.2.2 Electrochemical capacitance-voltage (ECV)

The doping profiles of SiOy, SiNy, and AlOx poly-Si contacts from Sample Set A were measured
using ECV and are shown in Figure 7. SiOx and AlOx nanolayers have a diffusion depth
between 90 and 120 nm, while the SiNx has an apparent blocking effect, reducing the in-
diffusion to 60 — 80 nm. The deep diffusion of the boron in SiOx nanolayer samples can be
linked to the high diffusivity/solubility of boron in SiO®°, while phosphorus has a low diffusivity
in the SiO,®%! and therefore less in-diffusion is observed!’. The high boron concentration in the
SiOy results in increased strain and reduces the ability to passivate the dangling bonds at the
Si surface.®? The SiNx has a lower boron solubility and therefore could provide a better
chemical passivation, possibly through utilising a higher temperature or longer anneal. In
addition, the steeper diffusion profile can increase the field effect passivation across the
dielectric and limit the Auger recombination in the device.®® We observe here that the SiNy
nanolayer brings an additional blocking effect to B diffusion compared to SiOx and AlOy. Thus,
a SiNy nanolayer could facilitate the optimisation of p* poly-Si contacts towards high surface
passivation, high field-effect passivation, and low Auger recombination in the B-diffused
region.
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Figure 7: ECV doping profiles of poly-Si samples with SiOx, SiNx and AlOx nanolayers after 850 °C
anneal.

3.3 Improved Passivation

The C-V and ECV results elucidated possible paths to improve the passivation quality of the
AlOy and SiNy contacts. The high charge obtained for the RCA2+AIO, sample make this an
attractive option and a lower anneal temperature may be preferable to prevent the AlOy
breaking up, reducing its pinhole density. The RCA2+SiNy layer showed some promise in
Sample Set A, with a significant enhancement possible if the uniformity was improved. In
addition, the ability for SiNy to block the boron can enable a higher thermal budget to be used.
To improve the passivation, a new batch of samples was fabricated and termed Sample Set C.
The effect of different poly-Si anneal temperatures was studied, focussing on the most
promising nanolayers. In this iteration, handling of the wafers was minimised during RCA2
growth and subsequent depositions to improve passivation uniformity. Figure 8 shows the iVoc
for RCA2+SiNx and RCA2+AIO, layers at a range of annealing temperatures after
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hydrogenation. The iVoc of samples with the dielectric but without a poly-Si layer is included
here and referred to as “pre poly-Si”. These samples underwent a hotplate anneal in air before
being measured.

720

1,=34 jf;ﬁ's_cm'2 —Js00 ;C e =17 fAcn
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680 900 °C, 30 min
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Figure 8: iVoc for symmetrical RCA2+SiNx and RCA2+AIlOx poly-Si structures with a range of annealing
temperatures. The samples are measured after hydrogenation. The ‘pre poly-Si’ measurement
indicates the highest lifetime obtained without the poly-Si after a hotplate anneal. The hotplate anneal
temperature was 600 °C for the RCA2+SiNx and UV-Os samples and 350 °C for the RCA2+AIOx sample.
The single sided dark saturation current density, Jo, is indicated for the best passivation achieved for
each dielectric.

The RCA2+SiNy sample shows an increase in the passivation quality, with a maximum iVoc
of 698 mV after the 900 °C anneal. It also shows excellent thermal stability, with high iVoc
maintained across different anneal conditions. The UV-Os passivation, on the other hand,
drops significantly after 800°C, indicating it is less stable to process variability. Figure 9 shows
the corresponding PL image for the optimum anneal condition of each dielectric. A substantial
improvement in the homogeneity of the passivation has been achieved for the SiNy, compared
to Figure 5b). This shows that PECVD deposition is a viable method for achieving highly
uniform passivation of nanolayer dielectrics across a full wafer. An improvement is also seen
in the AIOx nanolayers compared to Sample Set A, where lifetime was not measurable.
However, only moderate iVoc is achieved at present with AlOx poly-Si contacts. Interestingly,
the AlOx nanolayers perform better than SiNx and SiOy before poly-Si deposition, but this does
not translate to the final contact structure. This indicates that poly-Si deposition and high-
temperature annealing may damage the Si/AlOy interface. Recent work by Grant et al. 3
shows that at temperatures up to 600 °C the high charge density remains in the nanolayer,
however, at temperatures above 500 °C the chemical passivation begins to decrease. This
may become more severe at the >800 °C temperatures in poly-Si contacts. We also observed
some blistering in the poly-Si of the AlO, samples, covering <0.5% of the total area (Figure
S8). This may contribute to the poor lifetime and increase scatter in the results.
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Figure 9: PL images for (a) RCA2+AlOxlayers after 850 °C anneal, (b) RCA2+SiNx after 900 °C anneal,
and (c) UV-Os after 800 °C.

The resistivity of the samples from Sample Set C was measured and is included in the
supporting information (Figure S2). The contact resistivity was notably higher for the SiNxand
AlOyx samples, while pc for the UV-Os; samples was consistent compared to the previous
results. It is expected this is due to slight variation in the dielectric thickness of the ALD and
PECVD layers between batches. Further explanation is included in the supporting information.
Optimisation of the processing flow is required to achieve the best passivation at an acceptably
low resistivity. This may include a more streamlined process flow to minimise the time between
dielectric deposition and a-Si deposition. In the case of the thin SiNy layers, it may be possible
to combine its deposition with the a-Si in a single PECVD chamber. Such prospects will be
explored in future work.

3.4 Efficiency Potential of Contacts Integrated into Full Device Structures

SiNx and AlOyx passivation layers have been implemented into p* poly-Si contacts. The
RCA2+SiNy stacks showed the most promise in the poly-Si contact structure with iVoc
approaching 700 mV and a single sided Jo of 34 fA/cm?. This is among the best passivation
achieved for a SiNy, SiOxNy, or SiOx+SiNy stacks in p* poly-Si contacts, bettering the iVoc of
690 mV achieved by Reichel et al.?2. Feldmann et al. achieved a similar iVoc of 695 mV for a
nitrided plasma oxide.'” As with SiOyx contacts, n* poly-Si contacts using SiNx nanolayers have
achieved higher levels of passivation.?>545° Figure 10 compares the best results from this work
to literature values for p* poly-Si contacts using SiNx, AlOx or SiOx nanolayers. The contact
selectivity indicated by the black dashed lines is a metric devised by Brendel et al.®® as a figure
of merit for passivating contacts. It is noted that the best p* poly-Si contacts were fabricated
on n-type Si wafers, with an enhanced FEP. Studies using SiOx far outnumber those using
any other passivation layers. Thus, it is unsurprising that the best results are still observed
from extensive optimisation of the processing for SiO.4%:67.68
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Figure 10: Contact selectivity of p* poly-Si passivating contacts in the work compared to literature
values.?2:37:43.49.88.69 |n instances where only iVoc was reported this was converted to Jo using ref.4%4. The
selectivity is shown as black dashed lines, while the grey lines indicate efficiency contour lines. The
maximum potential efficiency is simulated using PC1D for a 110 um, 1 Q-cm p-type wafer with perfect
light trapping and electron contact.

The AIOy structures in this work have so far been less effective as poly-Si contacts despite
showing the highest levels of passivation prior to poly-Si deposition. The cause of this
passivation loss is suspected to be due to blistering seen after the poly-Si anneal (Figure S8).
Blistering is caused by hydrogen outgassing during the high-temperature anneal, which can
damage the Si/dielectric interface.’ Initial tests show some improvement in the passivation
when the AIOy layer undergoes a low-temperature anneal before the poly-Si processing
(Figure S8). Optimisation of this step could prevent blistering and enable the full potential of
the AlOx nanolayers to be exploited.

Understanding the nanolayer dielectrics has enabled us to adapt our processes to maximise
the capabilities of each dielectric (within only two experimental iterations) and understand
where they differ from the ubiquitous SiOx. The capped C-V method introduced in this paper
provides a tool to obtain Qf and Di to high accuracy and precision in highly conductive
nanolayer dielectrics. The PECVD SiOx capping layer provides an insulating layer to enable
good-quality C-V measurements, while the Si/dielectric interface remains the primary
influence of the measured capacitance signal. The additional processing of the SiOy layer
could influence the Si/dielectric interface, due to the high concentration of hydrogen in the
PECVD SiOyx altering the chemical passivation of the interface, thus leading to an
underestimation of the Di. This is not necessarily a problem, as any full contact structure will
undergo a hydrogenation step. In fact, with optimisation of the SiOx anneal, the hydrogenation
of the interface could be maximised to give an idea of the minimum Di. The results from the
capped C-V show good agreement with the estimated values of Di and Q: from SPV
measurements in previous work.? It is noted that the technique cannot be applied to the
dielectrics in the full poly-Si structure, however, the information it provides is still valuable.

Significant improvements in the passivation properties were made after only two process
iterations (Sample Set A and C), while further optimisation is required to combine this with low
contact resistivity. The rapid progress can be partly attributed to the understanding obtained
from the capped C-V process in combination with the T-JV and PL images. These results
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highlight the importance of developing a complete understanding of the nanolayer dielectric in
the poly-Si contact structure. Despite having a thickness of <10 atomic layers, these
interlayers govern the contact's resistivity and passivation quality. A deeper understanding of
these layers is extremely beneficial to balancing the passivation and transport requirements
of the contact. It is vital in the search for ever-higher power conversion efficiencies in solar
cells.

4 Conclusion

The development of highly efficient hole contacts is required to complement the already
established electron-selective TOPCon structure and further increase the efficiency of poly-Si
based Si solar cells. In this work, we investigated SiNxy and AIOyx based stacks as the
passivating nanolayer in p* poly-Si contacts. The SiNx and AlOy offered potential advantages
over SiOy including a lower barrier height for hole tunnelling (SiNx and AlOy), an advantageous
boron diffusion profile (SiNy), or an enhanced FEP due to negative charge at the Si surface
(AlOy). We fabricated poly-Si contacts with low contact resistivity for AIOx and SiNy layers and,
using T-JV, we provide the first demonstration of the conduction mechanisms in hole selective
poly-Si contacts using alternative dielectrics. This proved it is possible to fabricate a purely
tunnelling SiNx p* poly-Si contact. However, thus far their passivation still does not match the
UV-O3 SiOy reference. We found the AlIO, samples to have the best passivation prior to poly-
Si deposition, partly due to a high charge density of 3x10? g/cm2. However, the surface
passivation did not improve after processing of the p* poly-Si layer on top of AlOy, in contrast
to SiNy and SiOx. Further analysis is required to determine if the observed blistering is the
cause of the limited passivation obtained with AlOy, and to develop a pathway to increase the
passivation in a complete contact structure. Recombination and charge transport
measurements helped determine that a high pinhole density and non-uniformity hampered the
passivation quality of the RCA2+SiNx samples, not a high positive charge. With improved
processing, we obtained a significant improvement in the passivation quality, obtaining a
highly uniform PECVD SiNx nanolayer with a single-sided Jo of 34 fA/cm?. Using direct RF
PECVD, we showed the potential of growing tunnelling nanolayers, demonstrating a
particularly appealing prospect for streamlined processing of hole-selective polysilicon
contacts.

5 Supporting Information.

Additional resistivity measurements including detailed fitting for an example temperature-
dependent current-voltage measurement and measurements for Sample Set C.
Photoluminescence and minority carrier lifetime measurements for Sample Set A and C,
including the fitting for the extraction of Jo. XPS measurements used for stoichiometry analysis
of the AIO, and SiNy films. Micrograph images of blistering observed in the AlOx samples from
Sample Set C and the improvement in iVo. observed when the AlOx underwent an additional
annealing step before poly-Si deposition.

6 Acknowledgements

All the authors are thankful to Radka Chakalova for assistance in clean-room processing. This
work was supported by the UK Engineering and Physical Sciences Research Council grant
numbers EP/V038605/1, EP/T001038/1, EP/R010145/1 (Henry Royce Institute), by the
Oxford University John Fell Fund, by the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme (950598) and by UK
Research and Innovation (UKRI) under the UK government’s Horizon Europe funding

15



guarantee [101109417]. S.M acknowledges received funding from the Australian Renewable
Energy Agency as part the Transformative Research Accelerating Commercialisation
Program (ARENA2022/TRAC008). The views expressed herein are not necessarily the views
of the Australian Government. The Australian Government does not accept responsibility for
any information or advice contained within this document. S.L. acknowledges the funding by
the Swiss National Science Foundation (SNF) under the project IMPACT (grant
No. 200021_185064). A.M. acknowledges the funding from the European Union’s Horizon
2020 research and innovation program under the Marie Sktodowska-Curie grant agreement
no. 101028491. R.S.W. acknowledges a UKRI Future Leaders Fellowship (MR/V024558/1).
R.S.B was supported by the Royal Academy of Engineering under the Research Fellowship
scheme (RF\201819\18\38). For the purpose of Open Access, the author has applied a CC
BY public copyright licence to any Author Accepted Manuscript (AAM) version arising from
this submission.

7 Data Availability

All data created during this research and published in this article is openly available from the
Oxford University Research Archive and can be downloaded free of charge from
http://ora.ox.ac.uk.

8 References

Q) Feldmann, F.; Bivour, M.; Reichel, C.; Steinkemper, H.; Hermle, M.; Glunz, S. W.
Tunnel Oxide Passivated Contacts as an Alternative to Partial Rear Contacts.
Sol. Energy Mater. Sol. Cells 2014, 131, 46-50.
https://doi.org/10.1016/j.solmat.2014.06.015.

2) Green, M. A.; Dunlop, E. D.; Yoshita, M.; Kopidakis, N.; Bothe, K.; Siefer, G.;
Hinken, D.; Rauer, M.; Hohl-Ebinger, J.; Hao, X. Solar Cell Efficiency Tables
(Version 64). Prog. Photovoltaics Res. Appl. 2024, 32 (7), 425-441.
https://doi.org/10.1002/PI1P.3831.

3) Fischer, M.; Woodhouse, M.; Herritsch, S.; Trube, J. International Technology
Roadmap for Photovoltaic (ITRPV), 13" ed.; VDMA, 2022.

(4) Kruse, C. N.; Schéfer, S.; Haase, F.; Mertens, V.; Schulte-Huxel, H.; Lim, B.; Min,
B.; Dullweber, T.; Peibst, R.; Brendel, R. Simulation-Based Roadmap for the
Integration of Poly-Silicon on Oxide Contacts into Screen-Printed Crystalline
Silicon Solar Cells. Sci. Rep. 2021 11:1 2021, 11 (1), 1-14.
https://doi.org/10.1038/s41598-020-79591-6.

(5) Peibst, R.; Kruse, C.; Schéafer, S.; Mertens, V.; Bordihn, S.; Dullweber, T.; Haase,
F.; Hollemann, C.; Lim, B.; Min, B.; Niepelt, R.; Schulte-Huxel, H.; Brendel, R.
For None, One, or Two Polarities—How Do POLO Junctions Fit Best into
Industrial Si Solar Cells? Prog. Photovoltaics Res. Appl. 2020, 28 (6), 503-516.
https://doi.org/10.1002/pip.3201.

(6) Yan, D.; Cuevas, A.; Stuckelberger, J.; Wang, E.-C. C.; Phang, S. P.; Kho, T. C,;
Michel, J. I.; Macdonald, D.; Bullock, J.; Sieu, |; Phang, P.; Teng, |; Kho, C.;
Jesus, |; Michel, I.; Macdonald, D.; Bullock, J. Silicon Solar Cells with Passivating
Contacts: Classification and Performance. Prog Photovolt Res Appl. 2022, 31,
310-326. https://doi.org/10.1002/PIP.3574.

16



()

(8)

9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

Peibst, R.; Rienacker, M.; Larionova, Y.; Folchert, N.; Haase, F.; Hollemann, C.;
Wolter, S.; Kriigener, J.; Bayerl, P.; Bayer, J.; Dzinnik, M.; Haug, R. J.; Brendel,
R. Towards 28 %-Efficient Si Single-Junction Solar Cells with Better Passivating
POLO Junctions and Photonic Crystals. Sol. Energy Mater. Sol. Cells 2022, 238,
111560. https://doi.org/10.1016/j.solmat.2021.111560.

Glunz, S.; Bivour, M.; Messmer, C.; Feldmann, F.; Muller, R.; Reichel, C;
Richter, A.; Schindler, F.; Benick, J.; Hermle, M. Passivating and Carrier-
Selective Contacts - Basic Requirements and Implementation. In 2017 IEEE 44th
Photovolt. Spec. Conf.; IEEE, 2017; pp 2064—-2069.
https://doi.org/10.1109/PVSC.2017.8366202.

Feldmann, F.; Simon, M.; Bivour, M.; Reichel, C.; Hermle, M.; Glunz, S. W.
Efficient Carrier-Selective p- and n-Contacts for Si Solar Cells. Sol. Energy
Mater. Solar Cells 2014, 131, 100-104.
https://doi.org/10.1016/j.solmat.2014.05.039.

Stuckelberger, J.; Nogay, G.; Wyss, P.; Lehmann, M.; Allebe, C.; Debrot, F.;
Ledinsky, M.; Fejfar, A.; Despeisse, M.; Haug, F.-J.; Loper, P.; Ballif, C.
Passivating Contacts for Silicon Solar Cells with 800 °C Stability Based on
Tunnel-Oxide and Highly Crystalline Thin Silicon Layer. In 2016 IEEE 43rd
Photovolt. Spec. Conf.; IEEE, 2016; pp 2518-2521.
https://doi.org/10.1109/PVSC.2016.7750100.

Peibst, R.; Larionova, Y.; Reiter, S.; Turcu, M.; Brendel, R.; Tetzlaff, D.;
Kriigener, J.; Wietler, T.; Hohne, U.; Kahler, J.-D.; Mehlich, H.; Frigge, S.
Implementation of N+ and P+ POLO on Front and Rear Side of a Double Side-
Contacted Industrial Silicon Solar Cells. In 32nd Eur. Photovolt. Sol. Energy
Conf. Exhib 2016; pp 323-327. https://doi.org/10.4229/EUPVSEC20162016-
2B0O.3.2.

Basnet, R.; Yan, D.; Kang, D.; Shehata, M. M.; Phang, P.; Truong, T.; Bullock,
J.; Shen, H.; Macdonald, D. Current Status and Challenges for Hole-Selective
Poly-Silicon Based Passivating Contacts. Appl Phys Rev 2024, 11 (1), 11311.
https://doi.org/10.1063/5.0185379.

McNab, S.; Yu, M.; Al-Dhahir, I.; Khorani, E.; Rahman, T.; Boden, S. A;
Altermatt, P. P.; Wilshaw, P. R.; Bonilla, R. S. Alternative Dielectrics for Hole
Selective Passivating Contacts and the Influence of Nanolayer Built-in Charge.
In AIP Conf. Proc.; 2022; p 020013. https://doi.org/10.1063/5.0089282.

Folchert, N.; Peibst, R.; Brendel, R. Modeling Recombination and Contact
Resistance of Poly-Si Junctions. Prog. Photovoltaics Res. Appl. 2020; 28, 1289-
1307. https://doi.org/10.1002/pip.3327.

Zeng, Y.; Tong, H.; Quan, C.; Cai, L.; Yang, Z.; Chen, K.; Yuan, Z.; Wu, C.-H,;
Yan, B.; Gao, P.; Ye, J. Theoretical Exploration towards High-Efficiency Tunnel
Oxide Passivated Carrier-Selective Contacts (TOPCon) Solar Cells. Sol. Energy
2017, 155, 654—-660. https://doi.org/10.1016/J.SOLENER.2017.07.014.

Feldmann, F.; Nogay, G.; Polzin, J. |.; Steinhauser, B.; Richter, A.; Fell, A,;
Schmiga, C.; Hermle, M.; Glunz, S. W. A Study on the Charge Carrier Transport
of Passivating Contacts. IEEE J Photovolt 2018, 8 (6), 1503-15009.
https://doi.org/10.1109/JPHOTOV.2018.2870735.

17



7

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

Feldmann, F.; Schén, J.; Niess, J.; Lerch, W.; Hermle, M. Studying Dopant
Diffusion from Poly-Si Passivating Contacts. Sol. Energy Mater. Sol. Cells 2019,
200, 109978. https://doi.org/10.1016/j.solmat.2019.109978.

Shi, Y.; Jones, M. E.; Meier, M. S.; Wright, M.; Polzin, J. I.; Kwapil, W.; Fischer,
C.; Schubert, M. C.; Grovenor, C.; Moody, M.; Bonilla, R. S. Towards Accurate
Atom Scale Characterisation of Hydrogen Passivation of Interfaces in TOPCon
Architectures. Sol. Energy Mater. Sol. Cells 2022, 246, 111915.
https://doi.org/10.1016/J.SOLMAT.2022.111915.

Shimakura, K.; Suzuki, T.; Yadoiwa, Y. Boron and Phosphorus Diffusion through
an SiO2 Layer from a Doped Polycrystalline Si Source under Various Drive-in
Ambients. Solid-State Electron. 1975, 18 (11), 991-IN4.
https://doi.org/10.1016/0038-1101(75)90117-3.

Guo, X.; Liao, M.; Rui, Z.; Yang, Q.; Wang, Z.; Shou, C.; Ding, W.; Luo, X.; Cao,
Y.; Xu, J.; Fu, L.; Zeng, Y.; Yan, B.; Ye, J. Comparison of Different Types of
Interfacial Oxides on Hole-Selective P+-Poly-Si Passivated Contacts for High-
Efficiency c-Si Solar Cells. Sol. Energy Mater. Sol. Cells 2020, 210, 110487.
https://doi.org/10.1016/j.solmat.2020.110487.

Kaur, G.; Xin, Z.; Sridharan, R.; Danner, A.; Stangl, R. Engineering Aluminum
Oxide/Polysilicon Hole Selective Passivated Contacts for High Efficiency Solar
Cells. Sol. Energy  Mater. Sol. Cells 2020, 218, 110758.
https://doi.org/10.1016/j.solmat.2020.110758.

Reichel, C.; Feldmann, F.; Richter, A.; Benick, J.; Hermle, M.; Glunz, S. W.
Polysilicon Contact Structures for Silicon Solar Cells Using Atomic Layer
Deposited Oxides and Nitrides as Ultra-thin Dielectric Interlayers. Prog.
Photovoltaics Res. Appl. 2022, 30 3), 288-299.
https://doi.org/10.1002/pip.3485.

McNab, S.; Niu, X.; Khorani, E.; Wratten, A.; Morisset, A.; Grant, N. E.; Murphy,
J. D.; Altermatt, P. P.; Wright, M.; Wilshaw, P. R.; Bonilla, R. S. SiNx and AIOx
Nanolayers in Hole Selective Passivating Contacts for High Efficiency Silicon
Solar Cells. IEEE J Photovolt 2022, 13 (2), 22-32.
https://doi.org/10.1109/JPHOTOV.2022.3226706.

Xin, Z.; Ling, Z. P.; Wang, P.; Ge, J.; Ke, C.; Choi, K. B.; Aberle, A. G.; Stangl,
R. Ultra-Thin Atomic Layer Deposited Aluminium Oxide Tunnel Layer Passivated
Hole-Selective Contacts for Silicon Solar Cells. Sol. Energy Mater. Sol. Cells
2019, 191, 164-174. https://doi.org/10.1016/J.SOLMAT.2018.11.011.

Ling, Z. P.; Xin, Z.; Kaur, G.; Ke, C.; Stangl, R. Ultra-Thin ALD-AIOX/PEDOT:PSS
Hole Selective Passivated Contacts: An Attractive Low Cost Approach to
Increase Solar Cell Performance. Sol. Energy Mater. Sol. Cells 2018, 185 (April),
477-486. https://doi.org/10.1016/j.solmat.2018.06.002.

Lu, L.; Zeng, Y.; Liao, M.; Zheng, J.; Lin, Y.; Feng, M.; Zhi, Y.; He, H.; Ding, W.;
Shou, C.; Qin, G.; Yan, B.; Ye, J. Dopant Diffusion through Ultrathin AIOx and
AlOx/SiOx Tunnel Layer in TOPCon Structure and Its Impact on the Passivation
Quality on c-Si Solar Cells. Sol. Energy Mater. Sol. Cells 2021, 223, 110970.
https://doi.org/10.1016/J.SOLMAT.2021.110970.

18



(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(39)

(36)

(37)

(38)

Kaur, G.; Dutta, T.; Xin, Z.; Ling, Z. P.; John Naval, M.; Saifullah, M.; Stangl, R.;
Danner, A. Ultra-Thin LPCVD SiNx /N+poly-Si Passivated Contacts — A
Possibility? In 2019 IEEE 46th Photovolt. Spec. Conf.; IEEE, 2019; pp 2679-
2683. https://doi.org/10.1109/PVSC40753.2019.8980624.

Matsui, T.; McNab, S.; Bonilla, R. S.; Sai, H. Full-Area Passivating Hole Contact
in Silicon Solar Cells Enabled by a TiO x/Metal Bilayer. ACS Appl Energy Mater
2022, 5 (10), 12782-12789. https://doi.org/10.1021/acsaem.2c02392.

Yan, D.; Cuevas, A.; Wan, Y.; Bullock, J. Passivating Contacts for Silicon Solar
Cells Based on Boron-Diffused Recrystallized Amorphous Silicon and Thin
Dielectric Interlayers. Sol. Energy Mater. Sol. Cells 2016, 152, 73-79.
https://doi.org/10.1016/j.solmat.2016.03.033.

Hiller, D.; Honicke, P.; Kdnig, D. Material Combination of Tunnel-SiO2 with a
(Sub-)Monolayer of ALD-AIOx on Silicon Offering a Highly Passivating Hole
Selective Contact. Sol. Energy Mater. Sol. Cells 2020, 215 (June), 110654.
https://doi.org/10.1016/j.solmat.2020.110654.

Kaur, G.; Dwivedi, N.; Zheng, X.; Liao, B.; Peng, L. Z.; Danner, A.; Stangl, R.;
Bhatia, C. S. Understanding Surface Treatment and ALD AIOx Thickness
Induced Surface Passivation Quality of C-Si Cz Wafers. IEEE J Photovolt 2017,
7 (5), 1224-1235. https://doi.org/10.1109/JPHOTOV.2017.2717040.

Grant, N. E.; Pain, S. L.; Khorani, E.; Jefferies, R.; Wratten, A.; McNab, S.;
Walker, D.; Han, Y.; Beanland, R.; Bonilla, R. S.; Murphy, J. D. Activation of
Al203 Surface Passivation of Silicon: Separating Bulk and Surface Effects. Appl
Surf Sci 2024, 645, 158786. https://doi.org/10.1016/J.APSUSC.2023.158786.

Bonilla, R. S.; Hoex, B.; Hamer, P.; Wilshaw, P. R. Dielectric Surface Passivation
for Silicon Solar Cells: A Review. Phys. status solidi 2017, 214 (7), 1700293.
https://doi.org/10.1002/pssa.201700293.

Bonilla, R. S. Controlling Surface Carrier Density via a PEDOT:PSS Gate: An
Application to the Study of Silicon-Dielectric Interface Recombination. Sol. RRL
2018, 2 (10), 1800172. https://doi.org/10.1002/SOLR.201800172.

Kuhn, M. A Quasi-Static Technique for MOS C-V and Surface State
Measurements. Solid-State Electron. 1970, 13 (6), 873—-885.
https://doi.org/10.1016/0038-1101(70)90073-0.

Pain, S. L.; Khorani, E.; Niewelt, T.; Wratten, A.; Paez Fajardo, G. J.; Winfield,
B. P.; Bonilla, R. S.; Walker, M.; Piper, L. F. J.; Grant, N. E.; Murphy, J. D.
Electronic Characteristics of Ultra-Thin Passivation Layers for Silicon
Photovoltaics. Adv  Mater Interfaces 2022, 9 (29), 2201339.
https://doi.org/10.1002/admi.202201339.

Kaur, G.; Xin, Z.; Sridharan, R.; Danner, A.; Stangl, R. Engineering Aluminum
Oxide/Polysilicon Hole Selective Passivated Contacts for High Efficiency Solar
Cells. Sol. Energy Mater. Sol. Cells 2020, 218, 110758.
https://doi.org/10.1016/j.solmat.2020.110758.

Norton, D. P. Capacitance-Voltage Measurements on Ultrathin Gate Dielectrics.
Solid-State Electron. 2003, 47 (5), 801-805. https://doi.org/10.1016/S0038-
1101(02)00340-4.

19



(39)

(40)

(41)

(42)

(43)

(44)

(49)

(46)

(47)

(48)

(49)

(50)

Hauser, J. R.; Ahmed, K. Characterization of Ultra-Thin Oxides Using Electrical
C-V and |-V Measurements. AIP Conf Proc 1998, 449, 235-239.
https://doi.org/10.1063/1.56801.

Bonilla, R. S. Modelling of Kelvin Probe Surface Voltage and Photovoltage in
Dielectric-Semiconductor Interfaces. Mater Res Express 2022, 9 (8), 085901.
https://doi.org/10.1088/2053-1591/ac84cS8.

Lin, N.; Yang, Z.; Du, H.; Ding, Z.; Liu, Z.; Xing, H.; Xiao, M.; Ou, Y.; Liu, W.;
Liao, M.; Yan, B.; Huang, S.; Zeng, Y.; Ye, J. Excellent Surface Passivation of
P-Type TOPCon Enabled by Ozone-Gas Oxidation with a Single-Sided
Saturation Current Density of ~ 4.5 FA/Cm2. Sol. Energy 2023, 259, 348-355.
https://doi.org/10.1016/J.SOLENER.2023.05.028.

Mack, S.; Lenes, M.; Luchies, J. M.; Wolf, A. P-Type Silicon Solar Cells with
Passivating Rear Contact Formed by LPCVD P+ Polysilicon and Screen Printed
Ag Metallization. Phys. status solidi - Rapid Res. Lett. 2019, 13 (7), 201900064
https://doi.org/10.1002/pssr.201900064.

Mack, S.; Schube, J.; Fellmeth, T.; Feldmann, F.; Lenes, M.; Luchies, J.-M.
Metallisation of Boron-Doped Polysilicon Layers by Screen Printed Silver Pastes.
Phys. status solidi - Rapid Res. Lett. 2017, 11 (12), 1700334.
https://doi.org/10.1002/pssr.201700334.

Oxford Interfaces Lab: SRV_Matlab_App.
https://github.com/OxfordinterfacesLab/SRV_Matlab_App (accessed 2022-08-
18).

Xing, H.; Liu, Z.; Yang, Z.; Liao, M.; Wu, Q.; Lin, N.; Liu, W.; Ding, C.; Zeng, Y.;
Yan, B.; Ye, J. Plasma Treatment for Chemical SiOx Enables Excellent
Passivation of P-Type Polysilicon Passivating Contact Featuring the Lowest JO
of ~6 FA/Cm2. Sol. Energy Mater. Sol. Cells 2023, 257, 112354.
https://doi.org/10.1016/J.SOLMAT.2023.112354.

Ma, D.; Liu, W.; Xiao, M.; Yang, Z.; Liu, Z.; Liao, M.; Han, Q.; Cheng, H.; Xing,
H.; Ding, Z.; Yan, B.; Wang, Y.; Zeng, Y.; Ye, J. Highly Improved Passivation of
PECVD P-Type TOPCon by Suppressing Plasma-Oxidation lon-Bombardment-
Induced Damages. Sol. Energy 2022, 242, 1-9.
https://doi.org/10.1016/J.SOLENER.2022.07.003.

Allen, T. G.; Bullock, J.; Yang, X.; Javey, A.; Wolf, S. De; De Wolf, S. Passivating
Contacts for Crystalline Silicon Solar Cells. Nat Energy 2019, 4 (11), 914-928.
https://doi.org/10.1038/s41560-019-0463-6.

Bass, M.; Van Stryland, E.; Williams, D. R.; Wolfe, W. L. Handbook of Optics Vol
IV, 2" ed.; McGraw-Hill, 2001,

Nogay, G.; Stuckelberger, J.; Wyss, P.; Rucavado, E.; Allebé, C.; Koida, T.;
Morales-Masis, M.; Despeisse, M.; Haug, F.-J.; Loper, P.; Ballif, C. Interplay of
Annealing Temperature and Doping in Hole Selective Rear Contacts Based on
Silicon-Rich Silicon-Carbide Thin Films. Sol. Energy Mater. Sol. Cells 2017, 173,
18-24. https://doi.org/10.1016/j.solmat.2017.06.039.

Morisset, A.; Famprikis, T.; Haug, F.-J.; Ingenito, A.; Ballif, C.; Bannenberg, L. J.
In Situ Reflectometry and Diffraction Investigation of the Multiscale Structure of

20



(51)

(52)

(53)

(54)

(55)

(56)

(67)

(58)

(59)

(60)

(61)

(62)

P-Type Polysilicon Passivating Contacts for c¢-Si Solar Cells. ACS Appl Mater
Interfaces 2022, 14 (14), 16413-16423.
https://doi.org/10.1021/ACSAMI.2C01225.

Oxford Interfaces Lab: SintonAnalysis.
https://github.com/OxfordinterfacesLab/SintonAnalysis (accessed 2022-08-18).

Schroder, D. K. Oxide and Interface Trapped Charges, Oxide Thickness. In
Semiconductor Material and Device Characterization; John Wiley & Sons, Ltd,
2005, 319-387. https://doi.org/10.1002/0471749095.CH6.

Yu, M.; McNab, S.; Al-Dhabhir, |.; Patrick, C. E.; Altermatt, P. P.; Bonilla, R. S.
Extracting Band-Tail Interface State Densities from Measurements and
Modelling of Space Charge Layer Resistance. Sol. Energy Mater. Sol. Cells
2021, 231, 111307. https://doi.org/10.1016/j.solmat.2021.111307.

McNab, S. Synthesis and Characterisation of Nanolayer Passivating Contacts
for High Efficiency Solar Cells. PhD Thesis, University of Oxford, Oxford, 2023.

Zhang, Z.; Zeng, Y.; Jiang, C.-S.; Huang, Y.; Liao, M.; Tong, H.; Al-Jassim, M.;
Gao, P.; Shou, C.; Zhou, X.; Yan, B.; Ye, J. Carrier Transport through the
Ultrathin Silicon-Oxide Layer in Tunnel Oxide Passivated Contact (TOPCon) c-
Si Solar Cells. Sol. Energy Mater. Solar Cells 2018, 187, 113-122.
https://doi.org/10.1016/J.SOLMAT.2018.07.025.

Libraro, S.; Bannenberg, L. J.; Famprikis, T.; Reyes, D.; Hurni, J.; Genc, E.; Ballif,
C.; Hessler-Wyser, A.; Haug, F. J.; Morisset, A. Development and
Characterization of N20-Plasma Oxide Layers for High-Temperature p-Type
Passivating Contacts in Silicon Solar Cells. ACS Appl Mater Interfaces 2024, 16
(36), 47931-47943. https://doi.org/10.1021/acsami.4c10612.

Sze, S. M.; Ng, K. K. Physics of Semiconductor Devices, Third Edition, Third
Edition.; John Wiley and Sons Inc., 2007.

Al-Dhahir, I.; Kealy, R.; Kelly, S.; Yu, M.; McNab, S.; Collett, K.; Liu, J.; Grovenor,
C.; Wilshaw, P. R.; Bonilla, R. S. Electrostatic Tuning of lonic Charge in SiO2
Dielectric Thin Films. ECS J. Solid State Sci. Technol. 2022, 11 (6), 063010.
https://doi.org/10.1149/2162-8777/AC7350.

Getz, M. N.; Povoli, M.; Monakhov, E. Improving ALD-AI203Surface Passivation
of Si Utilizing Pre-Existing SiOx. IEEE J Photovolt 2022, 12 (4), 929-936.
https://doi.org/10.1109/JPHOTOV.2022.3169985.

Vick, G. L.; Whittle, K. M. Solid Solubility and Diffusion Coefficients of Boron in
Silicon. J Electrochem Soc 1969, 116 (8), 1142.
https://doi.org/10.1149/1.2412239/XML.

Sah, C. T.; Sello, H.; Tremere, D. A. Diffusion of Phosphorus in Silicon Oxide
Film. J. Phys. Chem. Solids 1959, 11 (3-4), 288-298.
https://doi.org/10.1016/0022-3697(59)90229-X.

Dan MacDonald. Achieving 26% Silicon Solar Cells in Mass Production with
Passivating Contacts — TOPCon or Heterojunctions?; Sydney, 2023.
https://www2.pv.unsw.edu.au/videos/Daniel-Macdonald-
7September2023/seminar.php (accessed 2023-12-12).

21



(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

Zhang, T.; Qu, X.; Guo, Y.; Liu, D.; Wu, X.; Gao, J.; Lin, T. The Passivation
Characteristics of Poly-Si/SiOx Stack for High-Efficiency Silicon Solar Cells.
Silicon 2023, 15 (4), 1659-1668. https://doi.org/10.1007/S12633-022-02127-
2/METRICS.

Chen, W.; Stuckelberger, J.; Wang, W.; Phang, S. P.; Macdonald, D.; Wan, Y.;
Yan, D. N-Type Poalysilicon Passivating Contacts Using Ultra-Thin PECVD
Silicon Oxynitrides as the Interfacial Layer. Sol. Energy Mater. Sol. Cells 2021,
232, 111356. https://doi.org/10.1016/j.solmat.2021.111356.

Stoéhr, M.; Aprojanz, J.; Brendel, R.; Dullweber, T. Firing-Stable PECVD SiO XN
y/n-Poly-Si Surface Passivation for Silicon Solar Cells. ACS Appl Energy Mater
2021, 4 (5), 4646—-4653. https://doi.org/10.1021/acsaem.1c00265

Brendel, R.; Rienécker, M.; Peibst, R.; Rienaecker, M.; Peibst, R. A Quantitative
Measure for the Carrier Selectivity of Contacts to Solar Cells. 32nd Eur.
Photovolt. Sol. Energy Conf. Exhib. 2016, 447-451.
https://doi.org/10.4229/EUPVSEC20162016-2C0O.4.1.

Schmidt, J.; Peibst, R.; Brendel, R. Surface Passivation of Crystalline Silicon
Solar Cells: Present and Future. Sol. Energy Mater. Sol. Cells 2018, 187, 39-54.
https://doi.org/10.1016/j.solmat.2018.06.047.

Yan, D.; Cuevas, A.; Wan, Y.; Bullock, J. Passivating Contacts for Silicon Solar
Cells Based on Boron-Diffused Recrystallized Amorphous Silicon and Thin
Dielectric Interlayers. Sol. Energy Mater. Sol. Cells 2016, 152, 73-79.
https://doi.org/10.1016/j.solmat.2016.03.033.

Rienacker, M.; Bossmeyer, M.; Merkle, A.; Romer, U.; Haase, F.; Krugener, J.;
Brendel, R.; Peibst, R. Junction Resistivity of Carrier-Selective Polysilicon on
Oxide Junctions and Its Impact on Solar Cell Performance. IEEE J Photovolt
2017, 7 (1), 11-18. https://doi.org/10.1109/JPHOTOV.2016.2614123.

Morisset, A.; Cabal, R.; Grange, B.; Marchat, C.; Alvarez, J.; Gueunier-Farret, M.
E.; Dubois, S.; Kleider, J. P. Highly Passivating and Blister-Free Hole Selective
Poly-Silicon Based Contact for Large Area Crystalline Silicon Solar Cells. Sol.
Energy Mater. Sol. Cells 2019, 200, 109912.
https://doi.org/10.1016/j.solmat.2019.109912.

22



