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ARTICLE INFO ABSTRACT

Keywords: Passivated contact cell architectures have the potential for higher efficiencies than the currently dominant PERC
TOPCon technology. Further development requires greater understanding of the passivation mechanism and potential
Hydrogen surface related degradation, especially at polysilicon-oxide-crystalline silicon contacts. In particular, the hy-
f;:t";;alzr:be tomography drogenation provided by high temperature firing of dielectrics has been shown to govern both initial passivation

and subsequent degradation at this interface. Given the nanoscale dimensions of the tunnelling oxide, assessing
the concentration of hydrogen at the interface is a complex task. In this work we use atom probe tomography to
demonstrate the capacity to resolve hydrogen atoms at this interface. Atom probe tomography can provide
improved depth resolution via 3D reconstructions of the elemental atomic distributions at the interface. We
propose a route towards atomic scale measurements of hydrogen across a thin tunnelling oxide, which can enable
further understanding of charge carrier flow at or near this interface. We show that the ability to characterise
hydrogen at the nanoscale is crucially limited by the residual gas present during the atom probe measurement.
Therefore deuterium, as a surrogate for naturally abundant hydrogen, is recommended to accurately provide less
ambiguous determination of hydrogen concentrations at the atom scale in such structures. However, even with
the use of deuterium challenges remain, and the analysis and interpretation of the data must be undertaken with
care. Such atom scale characterisation can provide critical information on the role that hydrogen plays in
passivating contact interfaces.

Silicon solar cells

reduces contact recombination because it uses a true full area surface
passivation scheme rather than localised metallisation and doping [1,7].

1. Introduction

Polycrystalline silicon on thin SiOx has been shown to provide
excellent behaviour as a passivating contact in silicon solar cells. Such
structure has been dubbed tunnelling oxide passivating contact (TOP-
Con) [1] or polysilicon on oxide (POLO) [2,3]. This architecture consists
of a highly doped polysilicon layer for high carrier selectivity, and an
ultra-thin oxide which simultaneously provides interface passivation
and sufficient majority carrier transport [1,4]. The contact can be ach-
ieved with interfacial oxide layers in the range of 1-3 nm [5], whereby
the current transport occurs via tunnelling and pinhole point contact
mechanisms [6]. Compared to the current industrial mainstream
passivated emitter and rear cell (PERC) structure, TOPCon further
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This design has achieved an efficiency of >26% in a small area device
[5] and >24.5% for cells manufactured in an industrial environment
[8]. Substantial work is currently ongoing to optimise and develop
processing that enables integration of this cell architecture into
high-throughput industrial production [9-11]. TOPCon is already
demonstrated as a highly feasible rear design with compatibility to the
existing deposition and metallisation routes. As a result, production of
TOPCon cells over the past two years has increased considerably and it is
in line to become a mainstream technology in the near future [12].
One of the main advantages of the TOPCon approach is the excellent
passivation on the rear surface due to the combination of the thin
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interfacial oxide and heavily doped poly-Si layer. A critical part of the
passivation is related to the hydrogenation treatment. In a TOPCon
structure, the source of hydrogen is provided by a hydrogen-containing
dielectric layer deposited on top of the n* doped poly Si [13]. A SiN,:H
thin film deposited with plasma enhanced chemical deposition (PECVD)
has become the most common hydrogenation choice for TOPCon
structures. This SiNy:H coating has become ubiquitous within industrial
silicon solar cells as its stoichiometry is tuneable in PECVD, allowing for
variations in refractive index, film density and resistivity, and very
importantly its hydrogen content. PECVD SiNy is typically optimised to
provide suitable dielectric optical properties and excellent surface
passivation. Atomic hydrogen from this layer is released during contact
firing, which can reduce the concentration of electrically active defect
states at the interfacial oxide [14] and likely also within the poly-Si layer
[15], which effectively supresses minority carrier recombination. The
high temperature firing step is essential in redistributing the hydrogen
through the layers in the passivated contact. Despite the many advan-
tages of TOPCon structures, several studies have recently reported a
firing-induced degradation of its surface passivation [16-19]. This
degradation mode has led to a five-fold increase in surface recombina-
tion currents (Jos) and is solely attributed to a deterioration of surface
passivation [20]. Studies found a relation between excess H content at
the SiOy interface and deterioration of passivation in n-type TOPCon
[21,22]. This means that the firing step for contact formation could
result in increased concentration of atomic hydrogen at/mear the
interfacial SiOx, which can either (i) substantially improve surface
passivation or (ii) cause severe surface related degradation, depending
on the amount of hydrogen diffusion. As such, improved characterisa-
tion of the distribution of hydrogen throughout the passivated contact is
critical to achieve a complete understanding of charge carrier flow at
this interface, then leading to further optimization in TOPCon solar cells.

Detection of H can be achieved indirectly via electrical characteri-
sation, where the interaction of H with active dopants or defects is
measured [13]. H bonding and H complexes can be detected using
deep-level transient spectroscopy (DLTS) [23], infrared spectroscopy
[24], or electron paramagnetic resonance (EPR) [25], yet these methods
rely on assumptions relating to H interaction. There are two main
methods for identifying H chemically: mass-spectrometry based detec-
tion using Secondary Ion Mass Spectrometry (SIMS) methods [14,15,26,
27], or atom probe tomography (APT) [28-30]. Both SIMS and APT can
be used to analyse compositions with high sensitivity and both utilise
mass spectrometers for identifying the ionic species originating from the
sample. However, SIMS relies on a primary ion beam to bombard the
sample surface and stimulate the emission of secondary ions. This
sputtering process is known to cause atomic displacements that can
result in the modification of the local composition from the drive-in
effect by which primary ion bombardment implants species from the
surface layer deeper into the sample, and an apparent shift or broad-
ening appears on the detected species towards deeper into the substrate
[28,31]. This type of artefact can occur for a variety of primary ion types
and substrate types for any sufficiently energetic impacting beam [32].
In APT, surface atoms are ionised and field evaporated from the apex of
the prepared needle-shaped sample without surface bombardment.
Instead, the field evaporation process in APT for low conductivity
samples like semiconductors is activated by a high-frequency pulsed
laser combined with a standing electric field. A time-of-flight mass
spectrometer is used for chemical identification of the evaporated ions.
The spatial information associated with the detection events is recorded
by a position sensitive detector, thus allowing reverse-projecting them to
their original positions for a 3D reconstruction atom-by-atom map of the
original sample [33]. APT can provide atomic level resolution compared
to the in-depth resolution of typically on the nanometre range for SIMS,
making it attractive for ultrathin structures like TOPCon.

Both SIMS and APT are vacuum based techniques, hence they inev-
itably suffer from a remnant concentration of H background in the
experimental chamber. This makes the accurate assessment of the
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hydrogen distribution in specimens very difficult since it is not possible
to evacuate all residual H. This brings about large uncertainty in accu-
rately assigning detection events as originating from the H in the sample,
versus that in the vacuum chamber background. The detection limit for
H in SIMS is near 10'® atom/cm® after adjustment of vacuum and
sputtering rate conditions [34,35]. In APT, the uncertainty may be
higher due to contaminant hydrogen arriving at the sample, which is
held at cryogenic temperatures during the experiment, possibly obfus-
cating hydrogen that originates from the sample itself [28,36-38].
During the APT experiment, hydrogen can evaporate in the form of HY,
H3, Hi as well as in more complex ions with other elements from the
specimen, such as SiH'. Depending on the electric field, post-ionisation
and eventual molecular dissociation may occur [37]. Since relying
purely on the detection of 'H-related signals in APT is highly inaccurate,
a way to improve detectability and avoid erroneous signal is the use of
isotopic marking by deuterium (D or ?H) to distinguish between envi-
ronmental hydrogen and the deuterium content from the sample [39,
40]. Previous APT studies on deuterium at Si crystal defects suggest that
D atoms chemically bonded at Si defects remain in the specimen during
sample preparation at room temperature [30,41]. This is thanks to the
milling process and conditions as will be described in Section 2. It is
hence assumed that out-diffusion of trapped D is unlikely to take place
during specimen preparation by ion milling in the Si structures in this
work. Examples of works on investigating D charged passivation layers
can already be found using SIMS in Refs. [27,42] and using APT [28].

In this work, we use TOPCon samples specially processed using
deuterated silicon nitride films which can enable atom probe in-
vestigations of the distribution of 2H across interfaces, with the further
aim of correlating the H at the interface with the quality of passivation.
Herein, we highlight some of the difficulties in achieving accurate
deuterium distribution profiles in TOPCon structures. In particular, we
highlight the importance of peak deconvolution to solve peak overlaps
for complex ions formed under the laser mode. By comparing our APT
results with SIMS on the same TOPCon structure, we identify artefacts
that can be observed in SIMS measurements obtained in equivalent
specimens.

2. Experimental methodology

In this study the examined sample consists of an untextured sym-
metrical n-TOPCon structure. Fig. 1 describes the layers in this structure
and indicates the position from which an APT sample was obtained. The
substrate is a shiny etched 200 mm n-type float zone (FZ) wafer with 10
Q cm base resistivity. The interfacial oxide layer was grown thermally at
600 °C in Oy atmosphere to ~1.3 nm. A 50 nm in-situ doped amorphous
Si was deposited by PECVD and further crystallized at 900 °C for 10 min
under nitrogen atmosphere to form the polysilicon layer in Fig. 1. The
~70 nm capping SiNy:H layer was also PECVD deposited with silane and

APT needle

SiNx:H ~70 nm

n+ poly-Si 50 nm
SiO, 1.3 nm

n-type FZ-Si
200 um 10 Qcm

Fig. 1. Schematic of the structure of symmetrical n-TOPCon sample under
investigation, one side.
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deuterated ammonia as gas precursors. It should be noted that deute-
rium was introduced by the deuterated ammonia ND3 gas with high
isotopic enrichment. H atoms in silane SiH4 were not replaced with D,
which resulted in a SiNy:H film with partial D substitution. The sample
was subsequently hot plate annealed at 500 °C for 2 min for sufficient
hydrogen to release and migrate into the underlying layers [17].

APT specimens containing the layered structure were prepared from
the TOPCon samples using a Zeiss NVision 40 FIB-SEM via the in-situ
lift-out process described in Ref. [43]. The surface of the TOPCon sam-
ples was preserved using a >500 nm tungsten layer which was ion-beam
deposited in-situ before tip sharpening, in the NVision using a Zeiss gas
injection system. This protects the underlying layers from Ga* ion beam
damage during subsequent milling. Fig. 2 (a) shows the brighter tung-
sten layer on top of the TOPCon layers when the specimen is undergoing
needle sharpening. The tungsten layer was subsequently completely
removed during the final sharpening steps and the final APT specimen
takes the shape of a needle with a radius <100 nm. A final polishing with
a low energy 2 kV gallium beam was carried out to remove any Ga*
damage during sharpening. Fig. 2 (b) shows a representative final APT
specimen after the sharpening and polishing.

Atomic scale chemical analysis of the specimen was performed using
a CAMECA local electrode atom probe (LEAP) 5000 XR with a 52%
detection efficiency. The atom probe specimens were run at a temper-
ature of 50 K, a pulse frequency of 200 kHz, and a moderate target
detection rate of 1.0%. The CAMECA AP Suite 6.1 software was used to
produce the reconstruction. Compositional analyses were conducted
using AtomProbeLab (v.0.2.4) and a minimum isotopic abundance of
0.04% to exclude naturally occurring deuterium from the analysis. The
APT reconstruction follows the voltage curve to estimate the radius
evolution of the specimen. Because the structure consists of a stack of
dielectric and semiconductors, laser pulse mode is the viable choice over
voltage mode to prevent premature fracture under high fields. Note that
laser pulse evaporation leads to enhanced complex ion formation and
peak overlaps in the mass-spectrum, which adds complexity to the
identification of D content in the specimen. A range of UV laser energies
from 10 to 70 pJ were initially tested using a blank Si needle specimen
before the TOPCon specimens were run. An optimal running condition
was set to be 60 pJ for the TOPCon samples.

3. Results and discussion
3.1. Effect of laser energy on H background
One of the critical experimental factors influencing the detected

hydrogen background in APT is the laser pulse energy. A laser energy
test was initially carried out on a lowly doped Si specimen without any
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processing, and hence with effectively zero built-in H concentration.
Representative conditions of 50 K base temperature, 200 kHz laser pulse
frequency and a target detection rate of 1.4% were used. Fig. 3 (a) shows
the impact of variations in laser energy on the measured hydrogen and
silicon content, respectively, where all the detected H originates from
environmental background. Plotted on the primary y-axis in Fig. 3 (a) is
the ratio between atomic and molecular hydrogen counts at mass-to-
charge-state ratios of 1 Da and 2 Da, and total 28Si counts at 14 Da
and 28 Da. This is chosen as a representative of the H background level.
It is shown that detected background H peaks at intermediate laser en-
ergies around 30 pJ and drops at both high and low laser energies. It is
also clear that a significant reduction of background content can be
achieved with higher energy pulses over 50 pJ. Such an effect of laser
energy on the detected H level has been observed and discussed in other
works [37,38]. It is most likely that the intensity of the applied electric
field significantly influences the observed results. With the application
of higher laser energy, to maintain the same evaporation rate (i.e. ions
detected per laser pulse) the DC electric field strength at the evaporating
tip decreases. Such a decreasing surface field is tracked by the
decreasing Si relative charge state ratio (Sit to Si%t) as shown on the
secondary y-axes scale in Fig. 3 (a). Under such decreasing field condi-
tions, the absorption of background hydrogen to the specimen is reduced
resulting in the reduced detection of background H. This preliminary
characterisation indicates that high laser energies are advantageous for
keeping background H noise low.

The logi of the H3 to H ratio is plotted against laser energy in Fig. 3
(b). This plot shows a shift from atomic H{ to molecular H3 under high
laser energy and low field conditions. The reason is that the post evap-
oration process of molecular dissociation into atomic H is dependent on
near-surface field strength and it is hence supressed at low field condi-
tions [37]. The shift to more H3, however, is disadvantageous in spec-
imens with introduced D. 'H3 overlaps with the 2D signal at 2 Da on the
mass spectrum, which adds large uncertainty in interpreting the
deuterium signals. There is a trade-off between lowering overall back-
ground H and its increased detection of 'H3 when using higher laser
energies, hence a laser energy of 60 pJ is chosen as the running condition
for the APT of TOPCon samples containing deuterium.

3.2. 3D atomic scale reconstructions of the TOPCon structure

Fig. 4 shows a set of 3D reconstructed atom maps produced by APT
for the TOPCon sample displayed schematically in Fig. 2. The different
layers in the structure are labelled in the figure including the crystalline
silicon wafer, the thin tunnel SiOy layer, the n™ doped polysilicon layer,
and the capping SiNx:H dielectric. Each of the five maps shown in Fig. 4
focus on a different ionic species, identified from a specific mass-to-

Fig. 2. SEM images of (a) APT specimen before final sharpening, and (b) a finished APT needle specimen. Note the different size scales.
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Fig. 3. Ratios of APT detected species from a pure Si specimen as a function of laser pulse energy. (a) Left scale: Ratio of H counts at 1 Da and 2 Da to total 23Si counts
at 14 Da and 28 Da, right scale: Log ratio of 28Si®* at 14 Da to 28Si* at 28 Da, both plotted against laser pulse energy. (b) Log ratio of Hj to H' plotted against laser

pulse energy. 1 Da (Da) is equivalent to a mass-to-charge-state ratio of 1.

160 288i14N

31P/%0SiH/23SiD

D2 31 F)2

Fig. 4. 3D atom maps of the TOPCon structure for relevant species: (a) '°0" (b) 285i'*N* (c) D3 (d) 'P3 (e) *'P* or *°SiH * or 2°SiD™ at 31 Da.

charge-state ratio in the mass spectrum. The mass-spectrum for the
specimen is presented in the supporting information Fig. S1. Fig. 4 (a)
represents the oxygen signal using only the 16 Da O" signal, where two
regions featuring an accumulation of oxygen are evident. The first peak
is located in the interfacial SiOx layer, which is to be expected and serves
as a spatial marker for the tunnelling oxide. The second high concen-
tration of O occurs in the SiNy. This O can originate from oxidation
occurring during the PECVD and hotplate annealing processes.

Fig. 4 (b) represents the signal for nitrogen obtained using the 42 Da
signal, which represents the mass-to-charge-state ratio for the SiN*
complex ion. The atomic mass number for atomic nitrogen is 14. How-
ever, the peak on the mass-to-charge-state-ratio spectrum at 14 Da
represents an overlap of signals from 28si?* and *N* ions. Hence, the
SiN™ complex ion is chosen here as more fitting to demonstrate the N
distribution and define the location of the SiNy layer. Fig. 4 (c) repre-
sents the distribution of ions with a mass-to-charge-state ratio of 4 Da. As
discussed, the background hydrogen noise from the chamber occurs at
either 1Da for atomic H*, or 2 Da for molecular H. At a mass-to-charge-
state ratio of 4 Da there is no signal related to background hydrogen

adding noise to the detection. Therefore, this signal allows unambiguous
detection of hydrogen as a 2D3 species. Unfortunately, the signal
detected for ?Dj in this sample is weak. We can observe a concentration
of 2DJin the SiNy layer as expected since it served as the deuterium
source, however, ZDI is not detected significantly at the c-Si/SiOx
interface.

The species shown in Fig. 4 (d) has a mass-to-charge-state ratio of 62
Da. The atomic mass of phosphorous is 31. Besides 31p3 | based upon
analysis of all the peaks in the spectrum, other complex ions at 62 Da
would be highly unlikely and hence this signal is attributed solely to the
presence of phosphorous. As shown, phosphorous is found in the n +
doped polysilicon layer. Interestingly, we observe an accumulation of P
at both interfaces of the doped poly Si layer as has also been reported in
other work [44]. This can be explained by P segregation to the interfaces
during the 900 °C annealing for crystallisation of the poly-Si layer.

Finally, Fig. 4 (e) represents a mass-to-charge-state ratio of 31.
Phosphorous has an atomic mass of 31 and hence this signal is domi-
nated by 3!P*. This explains the similar profile to Fig. 4 (d). However,
this mass peak contains an overlap with a silicon-hydrogen complex ion
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peak. Both 3°Si'H* and 2°SiD™ can contribute to this signal. Thus, the
difference in the atomic map between Fig. 4 (d) and (e) is likely in part
related to presence of D or H in the structure. This could explain the
additional component of signal at 31 Da which can be observed in the
SiNy layer in Fig. 4 (e). The overlap at 31 Da prevents seeing the true
distributions of each of the species from the atom map in Fig. 4 (e). This
highlights the importance of peak deconvolution in the accurate
depiction of chemical profiles in APT [40,45].

3.3. Depths profiles of elements

The previous section identified the presence of various peak overlaps
on the mass spectra recorded, which can lead to incorrect interpretation
of the APT data. To address these overlaps, using knowledge of natural
isotopic abundances of elements and analysis of neighbouring peaks, the
peak overlap solving procedure proposed in Ref. [45] can be applied to
estimate the relative contributions of the overlapping ionic species to the
intensity of the peak. The method devised by London et al. was used to
solve peak overlaps, using the maximum likelihood estimation (MLE)
[46]. An example of a solved overlap group at 28-32 Da is given in a
histogram in the supporting information Fig. S2. Such a peak solving
protocol is applied by splitting the sample into a number of bins along
the depth direction, to find the mean local compositions as a function of
depth into the specimen, using 1 nm width bins. The composition pro-
files for different elements after the decomposition is given in Fig. 5.

The oxygen composition profile is given in the blue curve in Fig. 5
and is used to locate different layers as marked on the top side. It is noted
that due to some simplifying assumptions that underpin the APT
reconstruction algorithm, the resulting reconstruction do not give
perfectly flat interfaces perpendicular to axes of the needle specimen, i.
e. the depth direction in Fig. 5. Due to this, an artefact for the element
profiles picture in Fig. 5 is the apparent widening of the oxide layer and
spread-out of species at the interface. Supporting information Fig. S3
provides an explanation of such phenomenon. Additionally, composi-
tional discontinuity can induce ion trajectory aberrations that distort the
projected 3D image [47,48], which can also limit the accuracy when
measuring spatially the oxide layer width. Correlated microscopy with
TEM is needed to calibrate the compositional data against the structural
information and provide accurate oxide layer thickness. This will be
pursued in future work.

The P profile shows accumulation at both ends of poly-Si as expected
from the 3D reconstruction in Fig. 4. Interestingly, from the semi-
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Fig. 5. Depth profiles of deuterium, phosphorous and oxygen obtained from
APT data analysis.
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logarithmic plot Fig. S4 (b), P concentration falls sharply over 2 or-
ders of magnitude within a 10 nm length scale into the c-Si. This points
to very little P penetration locally within our APT sample. We here
provide evidence that P in-diffusion is minimum under current pro-
cessing scheme, in contrast to observations via SIMS.

Because both H3 and D™ are the only species present in the peak at 2
Da, this peak is unsolvable as there is not sufficient information to
distinguish them. To overcome this, we have created two D profiles
indicating (i) an upper bound of D when the 2 Da peak counts is assigned
to D™ in the specimen, and (ii) a lower bound of D when 2 Da is assigned
to HJ with all D content in this case coming from complex ions involving
D. The real concentration of D in this sample lies between these bounds.
In agreement with the observations for 3D reconstructions, it is shown
here that the depth profile of D has highest concentration in SiNx. A
small build-up of D to a level of 0.38 at% (~10%° cm~3) is seen at the
oxide layer at the lower D bond.

SIMS depth profiles for an equivalent specimen are included in the
supporting information Fig. S4 (a), alongside the comparable APT pro-
files in S4 (b). The sharp fall of P and O concentrations beyond the
interface in the APT profiles goes in conflict with the extended tails in
the SIMS profiles. This can be evidence that extended tails of the species
in SIMS are largely due to a known SIMS artefact resulting from primary
beam bombardment that pushes atoms inwards. This points out to the
need of improving SIMS data interpretation for chemical detection of
dopants when studying the dopant penetration and hydrogenation for
TOPCon structures.

4. Conclusion

Accurate analysis of the distribution of hydrogen throughout a
TOPCon passivated contact is critical for understanding surface passiv-
ation and degradation. In this paper, we use atom probe tomography to
understand the role of hydrogen in TOPCon passivation schemes con-
sisting of a thin tunnel oxide and doped poly silicon layers. APT can
provide 3D atomic mapping of elements, however, the residual H pre-
sent in the chamber during the measurement can have a large detri-
mental impact on the accuracy of the mapping. This presents a challenge
in understanding the role of hydrogen in surface passivation. We show
that the choice of laser energy in the APT experiment has a large impact
on the amount of background hydrogen in the image. Herein, we pro-
vide volumetric reconstructions of atomic species detected in TOPCon
samples, using deuterium as a marker for hydrogen. The 3D atomic maps
were then deconvoluted to produce depth profiles of D, O and P in a
TOPCon structure. A small build-up of deuterium was identified with a
concentration of at least 0.38 at% at the interface between the oxide
layer and crystalline silicon. By comparing this with SIMS depth profiles
for the same TOPCon structure, we provide evidence that the long
penetration tails of D and P commonly observed in SIMS can be due to
experimental artefacts. This can impact the analysis of hydrogen dis-
tribution at the interface. Understanding the atom distribution with APT
is a critical step for future development and optimization of passivated
contacts in high efficiency silicon solar cells.
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