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Correlative microscopy

Multiscale characterization of the hydrogenation process of silicon solar cell contacts based on c-Si/SiOx/nc-
SiCx(p) has been performed by combining dynamic secondary ion mass-spectrometry (D-SIMS), atom probe
tomography (APT), and transmission electron microscopy (TEM). These contacts are formed by high-temperature
firing, which triggers the crystallization of SiCy, followed by a hydrogenation process to passivate remaining
interfacial defects. Due to the difficulty of characterizing hydrogen at the nm-scale, the exact hydrogenation
mechanisms have remained elusive. Using a correlative TEM-SIMS-APT analysis, we are able to locate hydrogen
trap sites and quantify the hydrogen content. Deuterium (D), a heavier isotope of hydrogen, is used to distinguish
hydrogen introduced during hydrogenation from its background signal. D-SIMS is used, due to its high sensi-
tivity, to get an accurate deuterium-to-hydrogen ratio, which is then used to correct deuterium profiles extracted
from APT reconstructions. This new methodology to quantify the concentration of trapped hydrogen in nm-scale
structures sheds new insights on hydrogen distribution in technologically important photovoltaic materials.

passivating contacts have attracted attention, as they display excellent
conversion efficiencies (up to 26.1% in research and 24.9% in industry

1. Introduction

The world has seen a tremendous improvement in semiconductor
device technology, thanks to miniaturization of devices along with the
drastic improvements in thin-film deposition technologies. Deposition of
both nano and sub-nanometer thickness is readily achievable with high
precision. Hence, a marked improvement has clearly been seen in the
performances of the devices. A similar trend has been seen in photo-
voltaics, where solar cell efficiency has been continuously increasing
[1,2]. This high efficiency is typically achieved by minimizing recom-
bination losses at the electrical contact through the deposition of a thin
layer of material, which reduces the defect density responsible for
recombination losses [3,4]. Over the past years, the so-called poly-Si

* Corresponding authors.

[5-8]), while being compatible with the high temperature processes
(>800 °C) commonly used in industry, as for example the firing through
metallization process [9,10]. These contacts typically consist of a thin
(~1.2-3.6 nm) layer of SiOx grown on the wafer’s surface and capped
with a highly doped poly-Si layer. In most cases, a subsequent hydro-
genation step is necessary, during which hydrogen diffuses towards the
wafer-SiOx interface where it gets trapped and passivates defects
(dangling bonds), thus reducing the recombination losses [11-14].
Direct quantification of H within the layer and at the interface is still
missing. Thus, to precisely control the device’s electrical characteristics,
three-dimensional characterization of the distribution of H and mapping

E-mail addresses: soupitak.pal@list.lu (S. Pal), santhana.eswara@list.lu (S. Eswara).

https://doi.org/10.1016/j.apsusc.2021.149650

Received 29 December 2020; Received in revised form 1 March 2021; Accepted 22 March 2021

Available online 26 March 2021

0169-4332/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:soupitak.pal@list.lu
mailto:santhana.eswara@list.lu
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2021.149650
https://doi.org/10.1016/j.apsusc.2021.149650
https://doi.org/10.1016/j.apsusc.2021.149650
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2021.149650&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Pal et al.

_ a-SiC,(p)
Sio,

=
—

nc-SiC,(p)
m

0000000 500°C

Applied Surface Science 555 (2021) 149650

Cleaning & oxidation —— PECYD —— > Firing —— PECVD & hotplate —— HF 5%

I 50°C

APT tip

Fig. 1. (a) Schematics of fabrication steps of fired passivation contact; b) schematic of the location, from where the APT tip is extracted.

of its trapping sites with a subnanometer spatial resolution and its
quantification is critically important.

Simultaneous detection, mapping, and quantification of hydrogen at
a length scale less than 5 nm is a daunting task and cannot be tackled
with a single technique. Thermal desorption spectroscopy is able to
detect H but fails in mapping complex structures [15]. Secondary ion
mass spectrometry (SIMS) possesses excellent mass-resolution capability
with high sensitivity. SIMS is one of the techniques that has been suc-
cessfully employed in distinguishing H and D contributions in an
analyzed sample. However, it may lack spatial resolution for ultrathin
layers [11,14,16]. Transmission electron microscopy (TEM) allows
mapping of H atoms only in rare cases like graphene [17]. Recently,
atom probe tomography has been gaining attention due to its capability
to, e.g., 3D mapping of hydrogen at precipitates and grain boundaries in
steel [18-22]. The implementation of a pulsed laser has extended the
technique’s applicability to semiconductor materials and devices
[23-25]. However, the observation and quantitative analysis of H re-
mains difficult since a significant amount of the detected H comes from
the residual gas in the analysis chamber during the APT measurement
[26-28]. Therefore, much effort has been devoted to introducing
deuterium (D), an isotope of H, to study the relationship between me-
chanical properties and distribution of H species [29-31]. The charged D
can quickly diffuse out of the specimen unless kept under cryogenic
conditions before the APT measurement [21]. However, Takamizawa
et al. introduced D into Si by ion implantation and demonstrated that D
partly became trapped in the defects induced by ion implantation and
partly bonded with Si with D remaining in the sample, even at room
temperature [32]. On the other hand, SIMS has the capability to
differentiate H and D, while keeping a high-sensitivity with a mass

resolution (m/Am) ranging from ~300-10,000. However, quantifica-
tion of SIMS intensities is not straightforward because of strong varia-
tions in the ionization yields depending on the matrix (i.e., matrix effect)
[33]. A standard reference sample is always required in order to quantify
the obtained data [16]. The combination of information from both APT
and SIMS to get a 3D elemental distribution have already been used to
characterize dopant contribution in a nanostructured semiconductor
device, deuterium in zirconium oxide or boundary segregation in high-
strength steel [34-37].

Here, we propose a new correlative methodology to accurately
quantify the H and D concentration after hydrogenation of a so-called
Fired Passivating Contact [38], one type of high temperature passiv-
ating contact used in solar cells layers mentioned earlier, using a mul-
tiscale characterization approach. SIMS is employed to obtain depth
profiles of the elements present within the contact, including the H and
D profiles. In addition to SIMS, APT is used to reveal the 3D distribution
of elements within the contact. APT data is further corroborated using
high-resolution scanning transmission electron microscopy (STEM).
These techniques are then combined to characterize the microstructure
along with its chemical constituents. The =1.5 nm-thin non-
stoichiometric SiOy is identified to trap both H and D. The novelty of
the current work lies in the quantification of the H and D with nano-
meter spatial resolution within the thin layer. Our novel correlative
methodology extracts the composition from APT using SIMS data as
input. More specifically, the background contribution from the residual
chamber gas present in both the APT and SIMS data during H and D
analysis is deconvoluted to quantify both H and D present within the
layers. Investigations relying only on SIMS or APT to quantify hydrogen/
deuterium require a vast number of control experiments to determine
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Fig. 2. (a) High-resolution HAADF-STEM image of the cross-section of the fired contact, (b) combined elemental distribution map measured using EDS, (c), (d) and
(e) are the individual elemental maps of Si-K edge, O-K edge and C-K edge, respectively. The larger white arrow indicates the direction of hydrogen diffusion.

the background contribution [13,39-43]. The new correlative analysis
methodology that is proposed here simplifies the procedure to quantify
H and D.

2. Materials and methods

Details of the solar-cell fabrication were given elsewhere [38]. Here,
we briefly describe the sample fabrication steps. Symmetrical solar-cell
test structures were deposited on a double-side polished p-type float
zone (100) wafer that was 280 pm-thick and exhibited a resistivity of 3
Qcm. After a wet chemical cleaning, a ~1.3 nm SiOy layer was grown on
the wafer surface by exposing the wafer to UV radiation in ambient air
(2 min each side) [44-46]. On top of the SiOx layer, we deposited by
Plasma Enhanced Chemical Vapour Deposition (PECVD) at 200 °C a
~30 nm-thick (as-deposited thickness) hydrogenated amorphous silicon
layer featuring some carbon (a-SiCx(p-type): H) (~7 at.% of carbon)
[38]. Subsequently, the samples were fired at ~800 °C for 3 s. During
this step, the initially amorphous film (a-SiCx(p): H) crystallized into
nanocrystalline nc-SiCy(p), and hydrogen effused from that layer. Re-
hydrogenation was then performed via hydrogen diffusion from a
~70 nm thick sacrificial layer of SiNy:H. The latter was deposited at
250 °C in an in-house built PECVD tool and optimized for the release of
H during a 30 min hotplate annealing at 450 °C [47]. After this hydro-
genation step, the SiNy:H layer was removed in an HF solution. A
representative schematic figure illustrating the fabrication sequences is
shown in Fig. 1a for better clarity.

Deuterium (D5) was diffused into the layer alongside hydrogen (Hs)
to ease the SIMS analysis and help in the identification of hydrogen trap
sites. To include deuterium in the layers, the H; gas flow was replaced by
Dy during the SiC(p): H/D and SiNy:H/D PECVD processes. Note that
during these PECVD depositions, SiH4 and NH3 or trimethyl borane gas
flows were present alongside Dy. Thus, both deuterium and hydrogen
were incorporated in these layers and diffused alongside each other
during the hydrogenation step. Due to its higher mass, Deuterium has a
lower diffusivity than hydrogen [48]. Thus, the kinetics of the hydro-
genation process are expected to be slightly different. However, the
passivation mechanism should be identical, as the nature of bonding for
the two isotopes with Si is the same.

A multi-scale characterization of the H and D present in the samples
was performed using D-SIMS, APT and TEM. The D-SIMS depth profiles
were obtained using a CAMECA SC-Ultra instrument with Cs* primary

ions with a 1 keV impact energy to balance resolution and sensitivity in
the MCs3 mode used. A low-energy primary ion beam helps reaching an
equilibrium sputtering and ionization conditions on pristine surfaces
rapidly. The primary ion current was set to 2.39 nA. The ion beam was
scanned over an area of 300 um x 300 um, and the signal was acquired
from an inner area of 62 um in diameter. The acceptance energy window
was 19 eV. Deuterium was analyzed in the MCs; mode as DCs3. The ion
yield for H,Cs3 is negligible in comparison to DCsj which is also
confirmed by the fact that the SIMS D/H ratio (Fig. 8a) reaches the
natural abundance ratio in the silicon substrate. Hence, a high mass
resolution was not needed and a value of 400 was selected to optimize
sensitivity. Ions were collected from an area of 62 pm in diameter, with a
depth resolution of ~a few nm (not element dependent). The instrument
was operated with a field aperture of 750 pm, contrast aperture of 300
pm, entrance and exit slit of 400 and 600 pm, respectively. The SIMS
sputtering time was converted into depth, assuming a linear erosion
after measuring the crater depth at the end of the experiment using a
KLA-Tencor P17 profilometer. The microstructure of the contact was
assessed after firing and re-hydrogenation using TEM. For that purpose,
a cross-section were extracted using the conventional focused ion beam
(FIB) lift-out method, which was performed in a Zeiss NVision 40 FIB/
scanning electron microscope (SEM) using a final Ga* voltage of 2 kV. In
an image and probe Cs-corrected TFS Titan Themis microscope, STEM-
high angle annular dark field (HAADF) micrographs were acquired
combined with energy dispersive X-ray (EDX) spectroscopy maps using a
beam current of 400 pA at 200 kV. EDX spectra were quantified using
algorithms implemented in the TFS Velox software (multi-polynomial
background model with 0-order in the fitted regions, no correction for
absorption, Brown-Powell ionization cross-section model). Fourier and
inverse Fourier transforms of high-resolution STEM-HAADF images
were computed using the software Digital Micrograph (Gatan).

The quantification of H and D at the atomic length scale was per-
formed using a local electrode atom probe LEAP 3000X HR (CAMECA,
USA) at a sample temperature of about 60 K, a pulse frequency of 100
kHz, laser energy between 0.7 and 1 nJ, a rate of evaporation of 1 count
per 200 pulses with a base pressure of 5 x 10~ Torr in the analysis
chamber. The atomic detection efficiency of the instrument is 37%.
Successful runs were manually stopped after 5 million atoms to measure
across all layers of interest and substrate. The percentage of single hits
on the detector during the acquisition was above 90%. Datasets were
reconstructed and analyzed by the commercial CAMECA Integrated
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Fig. 3. (a) HRSTEM image of the fired contact, inset showing the FFT pattern captured from the SiCy layer; (b) showing the marked nanoclusters corresponding to the
marked spots from the FFT pattern and superimposed on the HRSTEM image. Individual color code shows the cluster associated with the corresponding colored spot

in the inset FFT pattern in (a).

Visualization and Analysis Software (IVAS 3.6.8) package. A typical
mass-spectrum is shown in SI Fig. S1, where the individual peaks are
identified based on their mass to charge ratios.

APT specimens from the fired sample were prepared in a FIB/SEM
Helios Nanolab 600 (TFS) by the lift-out method described in [49].
Fig. 1b displays the location from where the APT tips are extracted with
the help of a schematic. A 150 nm-thick Cr-capping layer was deposited
on top of the solar-cell sample by a low-energy, low-temperature phys-
ical vapor deposition to enable the APT analysis of the contact stack with
a field-of-view of about 1600 nm?>. The use of the Cr-capping layer and a
final low energy milling at 2 kV protected the surface from Ga'-beam
induced damage.

3. Results and discussion

Fig. 2 displays a cross-sectional STEM HAADF image along with the
EDX elemental distribution maps (Si, O and C). The STEM image and the
EDX map highlight the SiOy layer, sandwiched in between the Si and
SiCy layers, has an average uniform thickness of 1.4 + 0.2 nm, deduced
from the TEM images using Image-J software from 10 different mea-
surements across the whole image. SiCy layer has an average thickness of
27 + 0.3 nm after firing. The C content on top of the contact stack, see
Fig. 2b, is due to the protective capping C-layer deposited during FIB
sample preparation to prevent damage from the Ga'-beam. A native
oxide layer formed on top of the SiCy layer during processing, as seen in
Fig. 2. High-resolution STEM images are shown in Fig. 3. Inverse Fourier
transforms (IFFT) of a selection of Si reflections reveal that the SiCy layer
partially crystallized during firing and now exhibits crystals with a size
ranging from ~5-10 nm. STEM micrographs and corresponding EDX
line profiles of both the as-deposited and fired contact stacks are shown
in SL. Fig. 2. The thickness of the as-deposited SiCy layer measured from
the STEM image is ~32 nm, compared to ~25 nm after firing. The ~15%
shrinkage in the thickness of the SiCy layer results from its crystallisation
and a loss of volatile species such as hydrogen.

SIMS depth profiling reveals some of the intricate compositional
details regarding the layer structure, as seen in Fig. 4. As discussed in
Section 3.1, the thickness of the oxide layer is too thin to be measured
accurately by SIMS (appears as ~5 nm-thick instead of 1.3 nm-thin).
Peaks in both the O and H profiles coincide, indicating a trapping of H in
the oxide layer. A peak in the D signal is also observed in the oxide layer.

However, the D signal peak does not coincide with the H and O peaks. A
difference of ~2 nm in depth is observed between the D and H peaks
(Fig. 4b). Interestingly, a high degree of fluctuation in the C, B, Si, and
signals is also observed in the SiCy layer. Neither C nor B are detected
within the oxide layer.

APT was then used to investigate in greater details the structure and
chemistry of the contact (Figs. 5-7). The identification of the different
elements was performed using the APT mass-spectrum, see SI. Fig. S1.
The APT analysis finds an oxide layer thickness of ~1.5 nm (Fig. 5a and
b), in line with the TEM data. Fig. 5c displays the concentration profile
across the reconstruction, whereas a magnified version of the profile at
the oxide layer is shown in the inset. Si, O, C, and B are detected within
the oxide layer. C and B rich clusters can be identified in the SiCy layer as
shown in the iso-concentration surfaces and 2D-contour plots shown in
Fig. 6e-g. Some heterogeneity in the C distribution was also identified
by EDX (Fig. 2a). The clusters seen by APT have roughly the same size as
the Si crystals visualized by STEM imaging. The APT concentration
profile of C in Fig. 5¢ shows oscillations within the SiCy layer which can
be attributed to C rich nanoclusters.

By APT, the Si to O ratio within the oxide layer is nearly 75:25,
whereas the percentage of C and B within the oxide layer are ~6.6 at.%
and ~3 at.%, respectively. Overall, the APT results indicate that the
oxide layer is non-stoichiometric, confirming previous reports [46,50].
The peak at 1 Da (Dalton) in the APT mass-spectra gives a clear indi-
cation of the presence of H in the analysed structure. However, the peak
at 2 Da cannot be unambiguously assigned to D due to presence of
molecular H3 ions (see Fig. 7). We will therefore label this peak 2 Da and
will not assign it to a specific atom. In line with the SIMS results (Fig. 4),
both 1 Da/H and 2 Da are detected in the oxide layer, highlighting the
effectiveness of H and D to passivate interfacial defects (Fig. 5¢) [14].
The ratio of the H to 2 Da peaks within the oxide layer is ~ 4:1. To
quantify the hydrogen and deuterium distribution, we will now combine
techniques, as discussed in the next paragraphs.

3.1. Effect of chamber gas on SIMS profile, peak-shift, and blurring in
SIMS

Effect of chamber gas, especially hydrogen, is unavoidable even
when operating the instrument at a high vacuum of 10~ Torr (1.33 x
10~8 mbar). During D-SIMS analysis, secondary ions are emitted from
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Fig. 4. (a) SIMS depth profile showing different elements; (b) magnified portion from Fig. a, showing the oxide layer.

the top one or two monolayers of the sample surface, which is always
under constant bombardment of residual gas species (Ha, H2O, and
hydrocarbon). Some of them stick to the sample surface, and, during the
analysis, they cannot be differentiated from the actual hydrogen content
within the sample [51,52]. Therefore, true H concentration within an
analyzed sample always suffers from a noticeable amount of “instru-
mental background” contribution derived from chamber gas. The
magnitude of the background depends on factors like a) arrival rate of

atoms from the gas phase, b) sticking coefficient of the arrival gas atoms,
c) removal rate of the sample during sputtering [52]. It has been pre-
viously reported that background contribution in SIMS data is more or
less constant after an initial transient period [40,52-54]. After carefully
analyzing the hydrogen profile, see SI. Fig. 3f, it becomes evident that
after an initial transient period, the H signal intensity continuously rises
in the SiCy layer. It reaches a peak in the oxide layer, and finally, it starts
to decrease when reaching the c-Si wafer. The concomitant increase of H
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Fig.5. (a) 3D atom map of the analysed volume; (b) inset of (a) showing the oxide layer (atoms represented as spheres); (c) Concentration profile across the SiCy, SiOx
and Si substrate. An inset of the SiOy layer highlights the accumulation of H and D at this layer.

signal in the SiCy layer, followed by a peak in the SiOy layer, indicates
trapping of hydrogen in those layers. Since it is already established that
background H signal contribution in SIMS should be constant after an
initial transient period. The SIMS D signal is higher in the SiCy layer than
the wafer side, followed by a peak at the SiOy layer. Moreover, the SIMS
D/H ratio at the substrate side reaches the natural abundance of D (see
Fig. 8a) and indicates the absence of diffused hydrogen in the wafer side.
The detected H and D in the wafer side originates from the chamber gas,
explaining why the D/H ratio in SIMS reaches the natural abundance in
the wafer. It is also expected that the D distribution and its trapping
within the layers will be qualitatively the same as H, as the chemical
affinity of both species is similar. The only difference is their mass,
which is one of the prime motivations for us to diffuse D along with H to
locate possible trap sides for H within the layers without any interfer-
ence from the adsorbed chamber gases. The full width at half maximam
(FWHM) values for both 1H and D peak, located within the SiOy layer,
observed in the SIMS depth profile of Fig. 4 are 2.95 + 0.1 and 3.05 +
0.2 nm, respectively. They are not that different in their magnitude;
however, both the peaks do not coincide. The peak in O signal and cusp
in Si signal in the SiOy layer coincide well with the 1H signal but not
with the 2H or D signal, see Fig. 4. On the other hand, both C and B do
not exhibit any peak at all in the SiOy layer. Interestingly, the APT
composition profile of Fig. 5¢ shows that within the SiOy layer, O, C, B,
H, and 2 Da peaks and Si cusp coincide with each other. In order to
explain a shift in the 1H and 2D peak in SIMS and disappearance of the B,

C peaks in the SiOy layer, let’s understand SIMS signal production from
the perspective of secondary ion productions and recorded intensity in
the detector. Excellent sensitivity coupled with very high precision for
SIMS is due to its ability to perform analysis in such a way that the
ionized fraction of the secondary particles is high (sometimes even
greater than 1%) and, absence of an inherent instrumental background
[55]. In order to achieve this, a mono-energy primary ion beam 0.2-15
keV hits the sample surface to sputter out material. Interaction of the
primary beam with sample surface deposits a large amount of energy
and knocks off atoms from their lattice sites by producing collision
cascades. The surface composition is typically modified with reactive
ions species to produce favorable ion yields. While after attaining a
stationary concentration of the primary ions, it increases the matrix’s
ions yield [55]. Therefore, due to the collision cascade, chaotic reloca-
tion of matrix atoms starts to occur through ion beam mixing [56]. The
net effect yields mass transport and distortion of the actual profile of
impurity elements, as well as a shift in the distribution of the profile of
the impurity element within a thin layer. This effect can be understood
with the help of the schematic shown in SI. Fig. S4. For a perfect
experiment, the intensity count Yy; from a thin layer impurity of con-
centration Cy; within a matrix at a depth iAz from the surface can be
written in the form of

Y.(8) =R.C.(2)+n 1)

The Az is the incremental depth, Ag is the incremental dose of the
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primary ion beam, R, is the nonlinear response function of the matrix,
whereas n is the additive instrumental noise. In real experiments, the
secondary ion contributions do not only come from the i™ ordinate or
location; Yy contains contribution from layers Cy;...C; ...Ci,, because of
local redistribution of impurity atoms due to ion-beam mixing [57].
Therefore Eq. (1), can be rewritten for the real experiments as

Y (@) =n+ / AD R(D, D) Yaperseery (D) 2

where Ry(g,¢') is the response function varies with both ¢ and z [57]. Eq.
(2) justifies why we have seen a broadening H, D and O peaks at the SiOx
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Fig. 8. Measured 2 Da/H ratio compared with natural abundance of D for (a) SIMS; (b) APT.

layer for the present experimental case. A nonlinear response function
within the analysed structure for the present case is the prime reason
that we cannot directly compare the SIMS D/H ratio at the SiCy and SiOx
layer with the APT 2 Da/H ratio for the respective layer. Since the wafer
has uniform matrix concentration (single phase crystalline Si), here the
response function should behave similarly as in a perfect experiment and
SIMS intensity ratio for D/H should be directly comparable. There are
already published reports regarding this type of broadening of the im-
purity profiles and depth resolution [53,54,56,58]. As in our current
experiments, the matrix response function continuously changes from
the SiCy and SiOy layer; therefore, the peak broadening effect may
provide a plausible explanation for the absence of B, C peaks (cf. SI.
Fig. S3) within the oxide layer in SIMS profile. The difference between
the normalized O signal in the SiCy and SiOy layer for SIMS is low
compared to the APT signal, suggesting a significant reduction in O peak
intensity due to profile broadening caused by ion-beam mixing. More-
over, mass transport due to ion-beam mixing also causes a shift in the
peaks for O, Si (cusp), H, and D towards the surface compared to APT
profiles (see SI. Fig. 3S) along with blurring of the peak. Moreover, the
relative shift in peak position in between H and D in SIMS profile could
also be explained based on their diffusivity, in the light of mass-transport
via ion beam mixing [56,59]. However, a detailed analysis of this topic
is not in the scope of the current paper.

o Adsorbed hydrogen on the tip

—APT tips—
.“m

Field evaporation
I D

Fig. 9. Schematic showing the increase in adsorbed hydrogen during field
evaporation.

3.2. Effect of adsorbed Hy on APT analysis

Hydrogen coming from the chamber is adsorbed at the tip apex and
continuously field evaporated as H" and Hj ions during an APT
experiment, contributing as a background in the H and D signal of an
APT mass-spectra. That makes it difficult to quantify hydrogen or
deuterium concentration within a hydrogenated sample, as the back-
ground signal is overlapped with real H and D signals. The mass dif-
ference (Am) between HJ and D is ~0.00154829, which requires a
mass resolution, m/Am, of ~ 1300 to separate them in any mass-
spectrometry experiment. The the atom probe (LEAP) instrument
employed here has mass resolution up to 1000 which cannot differen-
tiate between H3 and D" [60]. Hence, even though APT acquisition
takes place at ultra-high vacuum, it is common to have significant H"
and HJ contributions in H and D analysis using APT originate from Hj
molecule present in the analysis chamber. Prior to quantifying H and D
using APT, an in-depth understanding of the formation of H™ and H3
signals from the chamber gas during field evaporation process is
essential. Previous reports have demonstrated how experimental pa-
rameters affect the detected residual chamber gas (H" and H3) during
APT experiments [18,32,42,61,62]. Sundell et al. showed the effect of
residual hydrogen during hydrogen detection in APT using laser pulsing
and proposed the optimal parameters to reduce the contribution from
adsorbed Hy [27] significantly. They had reported an operating condi-
tion of 0.7nJ laser energy and 70°K sample temperature in order to
detect residual gas contribution as low as ~0.05 at.% in a crystalline Ni
sample. Based on their report, we have also selected our experimental
conditions to achieve a low background contribution. It was reported
that at low temperature and ultra-high vacuum, field-evaporation of Si
behaves similarly to metal surfaces [63]. Fig. 7 shows APT line profile of
1 Da, 2 Da, and their ratio throughout the whole reconstructed tip,
including the Cr capping layer. The 1 Da and 2 Da profiles continuously
rise until the Si-wafer side with a peak at the SiOy layer. The absolute
value of the 2 Da profile is much lower than the 1 Da profile. 1 Da signal
also shows a peak even at the unwanted native oxide layer (see Fig. 2)
formed between the Cr-capping and SiCy layers. However, the 2 Da
profile does not exhibit any peak at the unwanted native oxide layer, as
seen in Fig. 7. One of the characteristics of the APT-line profile is a
continuous increase in both the 1 Da and 2 Da signal even at the Si-wafer
side, which is different from the observed trend in the SIMS experiment,
see Fig. 4. Secondly, it is necessary to differentiate whether the 2 Da
peak at the SiOx layer stems from the trapping of D within that layer like
H or the production of a higher amount of H3 ions coming from a higher
H concentration at that layer. In order to approach these issues, let’s first
discuss the formation mechanism of H' and HJ ions from the chamber
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Table 1

Ratio of integrated intensity of peaks corresponding to both doubly and single
charged Si isotopes. Mass spectra were constructed by selecting signal from the
whole tip, as well as from only the Si-wafer side. Doubly charged Si is consistent
with the natural abundance ratio of Si. However, singly charged Si does not obey
the natural abundance ratio due to interference from the formation of complex
molecular ions, such as 28Si'H", 28Si’D™*.

Portion of the Element and charge Mass28  Mass29  Mass 30
sample state

Si natural abundance 92.2 4.7 3.1
Whole tip Sitt 91.7 5 3.3

Sit 64.1 23.8 121
c-Si-wafer side Sitt 92.4 4.6 3.0

Sit 76.1 22.2 1.7

gas during field evaporation in a pulsed laser APT experiment,
contributing as a background signal. Hydrogen from the analysis
chamber adsorbs onto the tip surface due to the presence of a high
electric field and is subsequently desorbed during field evaporation
[64]. Therefore, continuous desorption of the adsorbed H requires a
steady supply of the Hy molecules at the high field area of the tip apex
from the available chamber gas. It was reported that the main supply
mechanism of H at the tip apex is adsorption of the H adatoms at the
protruding tip apex through field assisted dipole-image dipole interac-
tion [27] or surface diffusion of the H atoms via the shank [65]. Field
evaporation of the APT tip makes the tip blunt and increases the tip apex
area; therefore, to maintain a constant field for evaporation viz evapo-
ration rate, a high energy laser pulse is combined with an increasing DC
voltage applied on the tip for a typical pulsed laser APT experiment. An
increase in the tip apex area increases the total surface area coverage at
the tip apex for H adatoms through enhancement in field-assisted
adsorption by the increase in DC voltage [27]. This process is depicted
with the help of a simple schematic in Fig. 9. As a result, both the 1 Da
and 2 Da line profiles show a continuous increase in the signal at the
wafer side. Sundell et al., in their experiment, showed that at 0.3 nJ laser
power initially with increasing the DC voltage the intensity of both H"
and Hj increases and after reaching a certain DC voltage, adsorption
drops off, and Hj intensity starts to decrease slowly [27]. Although both
the analysed material and experimental parameters are different in the
present case, the trend in the H' and Hj is quite similar, especially at the
Si-wafer side, as seen in Fig. 7. The DC voltage reaches up to a maximum
value of ~5500 V for our experiment, see SI. Fig. S5, much lower than

——2Da
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Al
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Sundell et al. experiment. That may indicate why we have not observed
a decrease in both H" and H3 concentration at the wafer side, as shown
in Fig. 7.

A closer inspection of the APT mass spectra further helps in dis-
tinguishing between the trapped H and D within the layers from the
background contribution of adsorbed H; originated from chamber gas.
Table 1 displays the ratio of the integrated intensity of single and doubly
charged Si isotopes peaks, calculated from the mass-spectra, obtained
from the whole tip as well as only from the Si-wafer. Doubly charged Si
peaks in the mass spectra follow isotopic abundance, whether from the
whole tip or only from the Si-wafer. Even the absolute intensity counts of
doubly charged Si is much higher than the single charged Si as seen in SI.
Fig. S1. APT mass-spectra of the whole tip shows three distinct peaks at
28, 29, and 30 Da, corresponding to single charged three natural iso-
topes of Si. During the laser pulsed APT experiment, it is known that
complex molecular ions are detected in the mass spectra. Therefore, the
peak at 29 and 30 Da in the mass-spectra should not only be assigned to
single charged 2°Si and 3°Si, but it is also overlapped with (?8Si'H) ™,
(%8si’D) *, and (*3Si'Hy) *. Here, we purposefully neglect the complex
molecular ions formed with 2°Si and 3°Si as their fractions are already
low in the natural abundance of Si. The integrated intensity ratio of
peaks at 28, 29, and 30 Da further supports our complex ion formation
argument. They do not follow the natural abundance of Si, unlike the
doubly charged species of Si, as seen in Table 1. Furthermore, on the
wafer side, the fraction of 29 and 30 Da seen in Table 1 is very different
from the values corresponding to the natural abundances of 2°Si and
30gi. While the fraction of mass 29 is much higher than the natural
abundance of 2°Si, there is a lower fraction of both mass 28 and 30 when
compared to the natural abundances of 28Si and 3°Si, respectively.
Therefore, it can be concluded that (*8si'H) * is the main complex ion
that is produced and that the contribution from (?®si'H,)* is negligible
during the pulsed laser field evaporation of the Si-wafer. 1D line profiles
of mass 29, 30, and 1, 2 Da, shown in SI. Fig. S6a and b, further
strengthen our argument. The 1 and 2 Da signals (see SL. Fig. 6b) both
display a peak at the SiOx layer followed by a rising signal at Si-wafer.
On the other hand, the 1D-line profile of mass 29 and 30 (see SI.
Fig. 6a) shows a peak at the SiOy layer (SiCx/SiOy interface) and a stable
low signal in the Si-wafer. On the contrary, Si signal shows a dip in the
SiOy layer as the concentration of Si is lower within the layer. Therefore,
the mass 29 and 30 signals in the oxide layer are mostly associated with
the complex ion formation, namely (*8si'H)* and (*8si’D)* respectively
during field evaporation. The contribution of monoatomic 2°Si* and
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Fig. 10. Measured 1D-APT profile showing compositional variation of 1 Da and 2 Da across different layers, (a) without background correction; (b) after back-

ground correction.
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Fig. 11. (a) Modified APT composition profile after background subtraction from 1 Da (H) and 2 Da profile, (b) A magnified view centred on the oxide layer.

305i* on the line profile of 29 and 30 Da is negligible because the fraction
of 2°si* and 3°Si in the natural abundance of Si is ~4.7 and 3.1%,
respectively. The tendency of complex molecular ion (?88i'H) ¥, (2®si?D)
* formation increases only from those regions, where both H and D is
trapped with higher binding energy. The binding energy of adsorbed
hydrogen with Si is a few tenths of an electron-volt [63]. The probability
of formation of complex molecular ions like SiH3 over SiH" and SiD™" is

10

lower for the current experimental conditions, as the tip voltage is not
significantly high but the laser power and pulse frequency is high [63].

Based on the SIMS data, we can conclusively comment that both H
and D are trapped at the SiOx layer through higher binding energy.
Notably, at the unwanted native oxide layer between the Cr-capping and
SiCy layer, H concentration is also high, which is expected from the PVD
deposition of the Cr-capping layer. However, no significant increase in
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the 2 Da (H3) concentration was observed at the same region, suggesting
that an increase in the adsorbed H' content does not necessarily increase
the H3 content during pulsed laser field evaporation. Therefore, the
peak in the 2 Da profile at the SiOy layer is not related to H3 stemming
from more H in the layer; instead, it is associated with D’s trapping
within that layer which is consistent with the SIMS analysis.

3.3. Background correction of APT composition profile using SIMS

The preceding section illustrated how hydrogen adsorbed on the tip
surface and field evaporation contribute as a background in the APT
concentration profile analysis. Notably, this adsorbed hydrogen from
the analysis chamber also affects the D composition profile obtained
from the APT analysis by producing an Hj ionized state. SIMS results
provide reliable isotopic measurements thanks to its mass resolution and
sensitivity. Therefore, the SIMS profile can be used to deconvolute the
background contribution from the D profile obtained in the APT anal-
ysis. In Fig. 8a, the D/H ratio measured from SIMS is plotted for com-
parison with the natural isotopic ratio. Fig. 8a shows that within the Si
wafer, the measured D/H ratio from SIMS drops to its natural abun-
dance. Moreover, D enrichment is clearly seen in the layer of SiCy fol-
lowed by a peak at the SiOy layer. Notably, the peak in the measured D/
H ratio is associated with the oxide layer. On the other hand, the
measured 2 Da/H ratio from APT, see Fig. 8b, does not drop to its natural
abundance in the substrate side, instead, it shows a continuously
increasing trend due to background contribution from the residual
chamber gas. Hence, a conservative approach was taken to correct the
APT D profile based on the insights from the SIMS D profile (see Fig. 4).
A baseline has been created using the spline interpolated method [66],
which is further extrapolated to the SiCy layer. The boundary condition
for the baseline is determined from the SIMS D/H ratio, that even in the
APT dataset the 2 Da/H ratio should also reach the value 0.000115
(natural isotopic ratio of D/H). At the start of pulsed laser APT experi-
ment the background contribution of H" and H3 will be low near the tip
due to a low applied voltage at the tip [63]. We further extend our
approach to the hydrogen analysis. As both H and D have a similar
chemical affinity, both show a peak at the SiOy layer and enrichment in
the SiCy layer. D-SIMS profile analysis certainly confirms the trapping of
both H and D in the SiCy and SiOy layer, while the SiO layer emerges as
the strongest trapping sites with a peak in D-SIMS intensity at the oxide
layer. The H signal detected in the wafer for both APT and SIMS is only
due to the residual chamber gas since SIMS profiling does not find excess
D in the wafer above its natural abundance. Hence, similar to the D-APT
composition profile, background contribution has also been subtracted
from the H-APT profile extrapolating the background profile of the Si-
wafer side. For comparison, uncorrected profiles for H and mass 2 Da
are also shown in Fig. 10a. After background subtraction, the modified
APT 1D-composition profile is also shown in Fig. 10b. Background
corrected and modified composition profiles for all the elements are
shown in Fig. 11. The oxide layer’s average composition after back-
ground subtraction is Si- 59.1, C-9.9, B-3.9, 0-21.6, D- 1.2, and H-4.3 at.
%, respectively. As a side note, APT measured O/Si ratio within the
oxide layer by integrating the area under the APT composition profile is
~ 0.30, whereas the O/Si ratio within the oxide layer measured from
EDS is ~ 0.34, following the similar method. This discrepancy could be
attributed to the fact that EDS is volume averaged, including possible
surface oxidation, and that it is not a UHV analysis, unlike APT.

4. Conclusions

The present study introduces a new correlative method combining
TEM, SIMS, and APT to address the analytical challenges in detecting
and quantifying hydrogen in nanoscale layers. The hydrogen concen-
tration in a hydrogenated contact containing c-Si/SiOx/nc-SiCx(p) stack
was investigated. Both the hydrogen and deuterium diffuse through the
SiCx layer and get trapped within the thin SiOyx layer after
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hydrogenation. Thermal annealing produces C and B rich nanoclusters
within the SiCy layer and a significant amount of hydrogen and deute-
rium are also trapped within the SiCy layer. Both C and B diffuses into
the SiOy layer. Hydrogen and deuterium peaks within the oxide layer are
closer to the SiC,/SiOy interface. The APT analysis shows the oxide layer
is non-stoichiometric. SIMS successfully detects both hydrogen and
deuterium’s presence within the layer. SIMS depth profiling shows
deuterium to hydrogen ratio in the Si side reaches its natural abundance;
whereas, the APT line profile suffers from background contribution from
the residual chamber gas and displays a high hydrogen and 2 Da con-
centration within the Si-wafer side of the stack. The background
contribution has been successfully deconvoluted from the real hydrogen
and deuterium concentration profile within the stack in APT data by
modelling the background using a spline interpolation method, where
the deuterium to hydrogen ratio within the Si side, measured using
SIMS, serves as a guiding tool for baseline determination. The current
methodology offers a reduction in the number of experiments needed to
be performed separately in both SIMS and APT for near accurate mea-
surement of hydrogen in a nanometer-scale structure. More precisely,
controlled experiments on standard samples for accurate quantification
could possibly be avoided by adopting the proposed methodology. The
hydrogen content is about 1 at.% within the SiCx layer and 4.3 at.%
within the SiOx layer. The present correlative study paves the way for a
comprehensive quantitative understanding of the role of hydrogen in
nanoscale structures and its influence in determining the macroscale
device properties.
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