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ABSTRACT

This paper explores the fundamental structural origins of the 0.7 eV band emission peak, known as D07. The increased attention on these
d-band emission lines originates mainly from the correlation between crystal defect and the intensified recombination of less dominant
charge carriers. This association holds substantial importance, impacting not just the electronics sector but also raising concerns about
reduced efficiency in silicon solar cells. By employing hyperspectral photoluminescence imaging, we pinpointed regions manifesting high
D07 peak emissions on a microscopic scale. Subsequently, we conducted a structural investigation utilizing scanning electron microscopy
and electron backscatter diffraction. Following this, we used a focused ion beam to extract areas of interest, allowing for a detailed character-
ization of the sample using high-resolution scanning transmission electron microscopy at the atomic scale. This approach aids in identifying
defects and determining grain boundary orientation. In areas of high D07 band emission, we found Σ3{114}{101} grain boundaries deco-
rated with two-layer fault twin and/or an extrinsic two-layer stacking faults. In addition, density functional theory calculations suggest
oxygen impurities as a possibility for substitutional segregation to these types of defects. It is therefore plausible that the D07 line might be
attributed to stacking faults featuring oxygen agglomerates.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0196586

I. INTRODUCTION

In the formation of high-performance multi-crystalline silicon,
dislocations and grain boundaries arise during solidification, along-
side impurities diffusing in from the crucible.1 These material
defects, such as grain boundaries, dislocations, and impurities, serve
as centers for recombining holes and electrons, ultimately shortening
the carrier lifetime in silicon wafers for photovoltaic (PV) use.
Hydrogen, capable of bonding with and neutralizing various defects
and impurities in silicon, emerges as a critical element.2–8

Hydrogenation becomes a crucial step in enhancing the performance

of multicrystalline silicon solar cell wafers due to the prevalence of
extended crystal defects such as grain boundaries (GBs) and disloca-
tion clusters. Nevertheless, not all defects respond equally to hydro-
genation: dislocation clusters typically show minimal improvement,
whereas hydrogenation tends to deactivate GBs. However, certain
grain boundaries [small-angle, random-angle, and specific cases of
coincidence site lattice (CSL) grain boundaries] remain reactive even
after hydrogenation.9 Hence, comprehending the structure and inter-
faces of these grain boundaries and defects becomes important.
A deeper insight into the mechanism driving hydrogen passivation
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of extended defects could yield optimized processes and heightened
solar cell performance.

Drozdov and Partin initially described D-band emission lines in
1976, identifying sub-bandgap signals while investigating dislocations
in Czochralski (Cz)-grown monocrystalline wafers.10 These lines
were later linked to emissions associated with dislocations in
silicon.10,11 The D-lines were categorized as D1 (0.812 eV peak), D2
(0.875 eV), D3 (0.934 eV), and D4 (1.000 eV).10–13 D1 and D2 are
often attributed to point defects in the strain field surrounding dislo-
cations caused by the deformation process.12,14 Conversely, D3 and
D4 are predominantly associated with the defects themselves, as their
emission peaks are observed around dislocation cores or sub-grain
boundaries (sub-GBs).12,15–17 In our prior study, we linked the
prominent D3 peak to defects near Σ3 GBs.18 The interest in d-band
emission lines stems from their association with crystal imperfec-
tions, causing amplified recombination of minority charge carriers.
This correlation is concerning, affecting both the electronics industry
and potentially diminishing silicon solar cell performance.19

An intriguing but less explored band emission peak, known as
the D07 peak at 0.7 eV,20 has predominantly surfaced at grain
boundaries.1 Additionally, it has been linked to iron (Fe-B) in
p-type boron-doped Si wafers and associated with various grain
boundaries, notably Σ9, Σ27, and random GB.13,21 To conduct a
detailed investigation into the precise positioning of the D07 peak
on Si wafers, we adopted a comprehensive approach. This involved
employing high spatial resolution photoluminescence (PL) spectro-
scopy maps, electron backscattered diffraction, and utilizing focused
ion beam (FIB) for sectioning out samples. Furthermore, we con-
ducted an in-depth analysis of the FIB lamella using high-resolution
scanning transmission electron spectroscopy. These results was then
compared to density functional theory (DFT) calculations.

II. EXPERIMENTAL

This investigation focused on exploring commercially available
boron-doped high performance multi crystalline (HPMC) Si wafers
with an approximate resistivity of 1Ω cm. The process involved
several steps: initially, the as-sawn wafers underwent damage etching

in an HNA solution (comprising HF, nitric acid, and acetic acid).
Next, a two-sided phosphorus emitter (approximately 70Ω/sq.) was
diffused into the wafers using a POCl3 tube-furnace. Before undergo-
ing a simulated contact firing process (without metal contacts
present) in a belt furnace, a hydrogen-rich SiNX anti-reflective
coating (ARC) was deposited on both sides of the wafers. Following
this, the ARC and phosphorus emitter layers were removed using a
new HNA solution. Verification of the wafers’ hydrogenation
through this process was confirmed using FT-IR.22 To further refine
the wafers, they were cleaned and surface passivated through the
deposition of an a� Si :H=SiNX :H-stack using plasma-enhanced
chemical vapor deposition. This process typically yields surface
recombination velocities of less than 5 cm/s.23

Hyperspectral photoluminescence (HSPL) images were obtained
using a near-infrared (NIR) hyperspectral pushbroom camera
(SWIR, Specim, Finland) on samples cooled to 90 K with liquid
nitrogen. A similar configuration was utilized in prior studies (see
Refs. 20 and 24). The hyperspectral image underwent multivariate
curve resolution (MCR) analysis to discern signals found in specific
areas of the sample. Electron backscattered diffraction (EBSD) within
the scanning electron microscope (SEM) was employed to study the
grain boundary types and defects, specifically examining areas with
high d-band emission. FIB was then used to prepare samples from
selected regions of interest for transmission electron microscopy
(TEM). Two types of samples were made, one in cross-sectional view
(a JEOL JIB 4500 multibeam system), and one from plane view
(made using a FEI Helios NanoLab DualBeam FIB). More details
about the samples can be found in Sec. 1.1 in the supplementary
material. An analysis of the atomic and electronic structure was per-
formed utilizing a DCOR Cs probe-corrected FEI Titan G2 60-300
microscope, incorporating techniques such as fast Fourier transforms
(FFT) for indexing the silicon structure and geometric phase analysis
(GPA) with the FRWRtools plugin25 in Digital Micrograph (Gatan
Inc) to evaluate strain. Overall, this comprehensive investigation
aimed to correlate material properties with specific spectral photolu-
minescence (SPL) peaks, utilizing a combination of microscopy,
spectroscopy, and advanced analytical tools.

FIG. 1. (A) Optical image of the wafer with HSPL image of the spatial distribution of the D07 signal (in red) overlaid and an inset of the PL spectrum. (B) Band contrast
image with HSPL image overlaid (with the location of the sectioned samples shown). (C) IPF in Z-direction EBSD image showing Σ3 twins with the active slip system
{1� 10}h111i (blue arrows show the investigated GBs). (D) Inverse pole figure map with the orientation of the red and blue grains in (C).
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DFT calculations were performed using the Vienna ab initio
simulation package (VASP).26,27 The Perdew–Burke–Ernzerhof
(PBE) generalized gradient approximation (GGA)28 functional was
used. A convergence criterion in the change of the total energy of
less than 10�5 eV was used for the ionic relaxations. The plane-
wave energy cutoff used was 420 eV. A gamma sampling of 0.25 k
points per Å was used for the Brillouin zone.

FIG. 2. SEM images with secondary electron (TLD) detector in high-resolution
mode of (A) Area1, (B) Area2, and (C) Area3. Yellow areas showing the location
of the FIB lamellas, and the red arrows shows the direction of the GBs.

FIG. 3. STEM images of the grain boundary in AREA1 for both the plane view
(A) and cross-sectional view (B) sample. (A1) ADF STEM image of AREA1 in
plane view with FFT image as an inset. (A2) Higher resolution BF STEM image
of the blue square in (A1) with FFT images as an inset. (A3) BF-STEM image
of the red square in A2. (B1) ADF-STEM image of AREA1 in cross-sectional
view, with the FIB section geometry related to the GB as an inset. (B2) Higher
resolution BF image of the blue square in B1 with FFT as an inset. (B3) Higher
resolution HAADF STEM images of the red square in B2 with the atomic posi-
tions of the Si dumbbells overlaid (the color is related to the type of lattice site).
Yellow arrows shows the location of the twin plane.
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III. RESULTS

The D07 band emission peak was precisely located and mapped
in a multicrystalline silicon wafer using HSPL. In Fig. 1(A), an
optical image of the wafer showcases the D07 emission intensity
depicted in red, with the mapped peak displayed as an inset.
Positioned at 0.706 eV, the D07 band emission intensity stands out
distinctly from the 1.1 eV band-to-band peak. Examining the
image’s contrast unveiled a microstructure characterized by coarse
polygonal grains, frequently displaying distinct growth twin forma-
tions. However, at this scale, no explicit correlation between specific
micro-structural features and PL emission was discernible. Zooming
in on the selected area highlighted two regions emitting strongly in
the D07 band spectral range, projected as elongated slices rather
than spots or expansive regions. Figure 1(B), a SEM-EBSD band
contrast image reveals the SPL D07 band emission intensity overlaid,
distinctly outlining the presence of the D07 peak along two clear
grain boundaries. Figure 1(C) showcases an inverse pole figure
(IPF) EBSD map from the Z-direction of the same area, indicat-
ing that the grain boundaries in this region are Σ3{111}{001}.
Notably, only two of these grain boundaries exhibit an SPL peak
intensity of D07. Consequently, we have identified three areas of
interest for further investigation: two areas demonstrating D07
peak intensity (AREA1 and AREA3) and one without (AREA2),
as illustrated in Fig. 1(B).

We conducted a detailed investigation of the highlighted GBs
depicted in Fig. 1 using SEM, presenting their corresponding
images in Fig. 2. In these three SEM images, the GB is highlighted
by a red arrow, and the selected regions for the FIB samples are
indicated in yellow. AREA1 exhibits a GB where small defects
are noticeable, originating directly from the grain boundary (high-
lighted with a blue arrow). Some charge differences are detected in
the image close to the GB. Similarly, defects are also evident along
the GB in AREA3, yet they seem to have extended further into the
neighboring grain. In contrast, AREA2 displays no such defects or
discernible intensity alterations in proximity to the GB.

To thoroughly investigate the GBs using scanning transmis-
sion electron microscopy (STEM), we created FIB sections specifi-
cally on the GBs. For both AREA1 and AREA2, we generated FIB
sections in both plane view and cross-sectional view. However, for
AREA3, we only produced a FIB section in cross-sectional view.

The images of the FIB lamellas can be found in Sec. 1.2 in the
supplementary material.

Figure 3 presents both in-plane (A) and cross-sectional (B)
views of AREA1 obtained through STEM images. In Fig. 3(A1), the
plane-view annular dark field (ADF)-STEM image showcases a GB

FIG. 4. (A) HR-STEM (HAADF) image of the GB in AREA1 (where the yellow arrows show the location of the twin planes), with the corresponding FFT pattern (B).
(C) GPA strain analysis map of the ϵxx direction (g111) of the defect, with the strain curve across the grain boundary in (D).

FIG. 5. High-resolution STEM images of the grain boundary in AREA2 for both
the plane view (A) and cross-sectional view (B) sample. (A1) ADF STEM image
from plane view, with FFT pattern and FIB section geometry related to the GB
as an inset. (A2) Higher magnified BF STEM image of the red area in A1. (B1)
HAADF STEM image of the cross-sectional view in AREA2. (B2) Higher resolu-
tion HAADF STEM image of the red area in B1 with yellow arrow showing the
twin plane.
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where defects extend into the adjacent grain. Moving to Figs. 3(A2)
and 3(A3), these images offer a closer view of the highlighted region
in Fig. 3(A1). Here, a higher magnification bright field (BF) STEM
image is accompanied by a FFT pattern and inset displaying the FIB
section geometry related to the GB. Notably, the left grain is oriented
in [111] orientation, with defects starting in the left grain and
extending into the right grain. These defects are observed from
above, making them more discernible in the cross-sectional view.

Figure 3(B1) portrays the ADF STEM image of the cross-
sectional view of the GB in AREA1, revealing defects that extend
into the grain. Transitioning to Fig. 3(B2), a higher-resolution BF
STEM image of the marked square in Fig. 3(B1) is presented, featur-
ing FFT patterns as insets. Here, the right grain exhibits a [110] ori-
entation, while the left grain is close to the [114] zone axis,

signifying a Σ3{114}{101} GB, similar to what is identified in AREA3
as illustrated in Sec. 1.3 in the supplementary material. Figure 3(B3)
showcases a higher-resolution high angled annular dark field
(HAADF) image of the indicated area in Fig. 3(B2). This image
highlights a defect near the GB, containing two “twin boundaries.”
Referred to as a two-layer fault twin in previous studies,29 this defect
has also been denoted as an extrinsic two-layer stacking fault.30,31

To further investigate the defects observed in Fig. 3(B3), we
conducted GPA, as illustrated in Fig. 4. The GPA strain analysis
map focusing on the ϵxx direction (g111) (utilizing the g200 reflec-
tion) reveals regions displaying both compressive and tensile strain
fields, which are indicative of stacking faults.

The HRSTEM images of AREA2 are depicted in Fig. 5.
In Fig. 5(A1), the in-plane view presents the GB, presenting the left

FIG. 6. Substitutional segregation energy at a two-layer fault twin found by DFT for impurity: (A) carbon, (B) oxygen, (C) nitrogen, and (D) boron. The energy scale of the
segregation energy goes from �0.1 to 0.04 for all solute atoms.
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grain in the [111] zone axis and the right grain near [001].
Notably, no defects are discernible along the GB in this orientation.
Shifting to the cross-sectional view captured in the HAADF STEM
image in Fig. 5(B1), the GB appears as an incoherent Σ3{111} twin
boundary. A closer examination through the higher-magnification
HAADF STEM image in Fig. 5(B2) reveals the absence of defects;
instead, it displays a pure twin boundary without any additional
strain.

Impurity segregation to the two-layer fault twin was calculated
with DFT for light element impurities, such as carbon, oxygen,
nitrogen, and boron, and the results are shown in Fig. 6. The
images show the segregation energy when incorporating a solute
atom into the lattice in a substitution position. When the segrega-
tion energy is negative, the position is the most stable. From these
results, we can see that there may be positions near the defects that
oxygen can find a favorable position. Yet, within these computa-
tions, we have solely accounted for substitutional segregation.
However, regarding lighter elements, the diffusion process might
present greater complexity, as there is a possibility of interstitial
segregation, which could be more advantageous.

IV. DISCUSSION

The examined sample’s three areas reveal from EBSD images
identical Σ3 twin GBs along the z-direction. However, despite this,
two of these areas exhibit notably high D07 emission intensity.
A closer examination of the GBs shows that GB in AREA2 contains
a flawlessly incoherent Σ3{111} twin boundary in cross-sectional
view, devoid of defects visible in both cross-sectional and plane
view images. Studies have indicated that segregation at Σ3{111} GB
is unfavorable and electrically inactive,32–34 thus posing no signifi-
cant threat to the silicon wafer’s performance.

Delving deeper into the crystal structure of the region with
heightened D07-band emission uncovers an increased density of
defects. In AREA1, we identified two twin boundaries adjacent to
the Σ3{114}{101} GB, referred to as a two-layer fault twin and/or
an extrinsic two-layer stacking fault. Our geometric phase analysis
revealed that these defects introduce both compressive and tensile
strain fields into the sample. DFT results indicate that only oxygen
possesses the segregation energy suitable for substitutional segrega-
tion to the twin boundary. The D1 defect line has been suggested
to be associated with oxygen precipitates.35,36 Considering their
proximity to the ingot’s top, substantial amounts of oxygen impu-
rities are expected, particularly in the multicrystalline sections.
Consequently, it has been proposed that the D07 line could also
stem from oxygen impurities.19 Research has shown that dopant
atoms can interact with stacking faults through Suzuki segrega-
tion, where dopants preferentially segregate to stacking faults.37–39

By decorating the stacking fault with dopants/precipitates, the
stacking fault energy (SFE) decreases, potentially leading to a
higher density of stacking faults and twins. This mechanism
might impede dislocation slip and enhance the material’s fracture
toughness.39 Maji et al.40 and Ohno et al.41 conducted first princi-
ple calculations revealing that while the interstitial diffusion of
oxygen to the Σ3111 Si grain boundary (GB) is not energetically
favorable, the introduction of tensile strain induces a shift,
making oxygen diffusion energetically favorable. The stacking

faults may therefore introduce tensile strain to the GB, which
could be the driving force for oxygen diffusion. The D07 line may
therefore be due to stacking fault with oxygen precipitates.

V. CONCLUSION

We have observed that regions exhibiting a prominent D07
band emission peak displayed the presence of stacking faults or
twins near the GBs, introducing both compressive and tensile
stresses to these boundaries. Notably, in cross-sectional view, the
GB exhibited characteristics akin to a Σ3{114}{101} structure. Our
DFT calculations suggested that considering substitutional segrega-
tion, oxygen emerges as the most probable dopant. Consequently,
it is plausible that the manifestation of the D07 line might be
attributed to stacking faults featuring oxygen precipitates.

SUPPLEMENTARY MATERIAL

The supplementary material section provides STEM images of
the samples, FIB lamellas, and detailed STEM analysis of AREA3
in cross-sectional view.
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