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Abstract

Sulfur-based passivation for silicon surfaces using H>S gas is an alternative passivation method
to reduce the thermal budget for Si photovoltaics. To understand the impact of the high-quality
passivation and an observed passivation efficiency decrease after air exposure, we have studied
the chemical surface structure by x-ray photoelectron spectroscopy (XPS), x-ray Auger electron
spectroscopy (XAES), and S and Si Lz3 x-ray emission spectroscopy (XES). On the S-
passivated silicon surfaces, we find the formation of S-Si bonds, in addition to some Si-O bonds.
Upon air exposure, sulfur partially desorbs from the Si surface and an increased presence of Si-
O and S-O bonds is observed. We identify that well-defined S-Si bonds are crucial to maintain
high-quality surface passivation for Si photovoltaics, which allows further optimization of the
fabrication process for S-based passivation on silicon.

1. Introduction

Among the existing photovoltaic materials, including CdTe, Cu(In,Ga)Sez, GaAs, perovskites,
and many more?, silicon continues to dominate the global market?, reaching record efficiencies
above 26%?2 for submodules (274 cm?) and above 24%* on large areas (17,806 cm?). Over the
past decades, the development of various Si surface passivation techniques has played an
important role in the advancement of Si photovoltaics. Clean crystalline Si surfaces inherently
have dangling bonds, which provide recombination centers for photogenerated electron-hole
pairs®, hence lowering the overall efficiency®’. In addition, a high defect density can pin the
Fermi level®, potentially forming unfavorable band alignments. Thus, removing such dangling
bonds via surface passivation is crucial for high-efficient solar cells. Many types of passivation
techniques are implemented by either eliminating the dangling bonds (chemical passivation)
and/or decreasing the recombination probability (field-effect passivation)®*°. One of the most
common passivation layers for Si photovoltaics is SiO2. However, high quality SiO> passivation
through thermal oxidation requires a processing temperature above 850 °C.'%'2 Such high
temperatures increase the thermal budget, making Si photovoltaics more expensive, and
potentially lower the bulk quality of silicon. These unfavorable qualities encourage the
exploration of low-temperature passivation techniques, such as the use of Ga.03'®, graphene
oxide!*, and many more®®. From theoretical calculations, sulfur is also identified as a candidate
to passivate the dangling bonds at the Si surface®!’. Additionally, experimental studies using
low-energy electron diffraction (LEED) showed sulfur to restore reconstructed Si surfaces to
bulk-terminated surface structures.'®2° Recently, we used HS gas to passivate the Si surface
for photovoltaics. In this method, a lower processing temperature of 550 °C was applied as
compared to other studies .21-2* Here, an effective minority carrier lifetime et > 2000 uS, which
is comparable to thermal oxide passivation, and a ~20% efficiency passivated emitter and rear
contact (PERC) solar cell could be achieved.?>?® However, a significant decrease in the
passivation quality, as determined by an increase in surface recombination velocity (SRV), is
observed with prolonged air exposure.?* Thus, studying the impact of the S-passivation of the
silicon surface on the chemical structure, as well as the role of subsequent air exposure, is
crucial to further improve this passivation approach.

In this paper, the chemical structures of three sample sets of crystalline Si(100) wafer surfaces
are analyzed with varying doping type and concentration. For this purpose, the samples were
studied after S-passivation and after air exposure for ~8 days using a unique combination of
spectroscopic techniques, namely x-ray photoelectron spectroscopy (XPS), x-ray Auger
electron spectroscopy (XAES), and soft x-ray emission spectroscopy (XES).
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2. Experimental

Three sets of silicon wafers from the University of Delaware and the Georgia Institute of
Technology were studied in this work. Two of the sample sets consisted of n-type Si wafers
with doping concentrations of 2.3 and 1.5 x 10'® cm™ (in the following referred to as “n1” and
“n2”, respectively). The Si wafers in the third set were p-type, with a doping concentration of
7.0 x 10'® cm® (“p” in the following). Each sample set was composed of an “untreated”,
“passivated”, and “degraded” Si wafer. The “untreated” samples were cleaned with an
HF/HNO3z acid mixture, a sulfuric acid and hydrogen peroxide (SPM) mixture, and a final HF
etch, with deionized water rinsing in-between each step. The S-passivation was performed in a
chemical vapor deposition (CVD) reactor, pumped down below 10 Torr, and using an H2S/Ar
gas mixture at 550 °C for 30 minutes. The H>S gas had a purity of 99.9% with CO>, H20, and
hydrocarbons contributing as the main impurities. A detailed description of the cleaning and
passivation process is presented in references 223, Subsequently, the S-passivated Si wafers
were degraded through air exposure for ~8 days at 40% relative humidity in a desiccator.
Effective minority carrier lifetimes teff Were measured for each Si wafer after passivation and
degradation at the University of Delaware using a Sinton WCT-100 tool?. For the n1 Si wafers,
Teff > 2000 and ~6 uS were measured after passivation and degradation, respectively. For the
n2 Si wafers, teff Was >1000 uS after passivation, and decreased to ~5 uS after degradation.
Lastly, for the p Si wafers, an tefs Of > 150 uS was measured after passivation, which decreased
to ~3 uS with exposure to air.

For surface characterization, sister samples were processed, immediately vacuum-sealed in a
glovebox, and then shipped to the University of Nevada, Las Vegas (UNLV) for XPS and
XAES measurements. At UNLV, the samples were inserted via a nitrogen-filled glovebox into
the ultra-high vacuum system without further air exposure. Measurements were performed with
a SPECS XR 50 Mg K, and Al K, twin anode x-ray source and a SPECS PHOIBOS 150 1D-
DLD electron analyzer. The analyzer was calibrated according to references 2%%’. For
calibration at kinetic energies corresponding to the Si KLL Auger lines, the Au 4fz;
photoemission peak (excited using Al K,) of a Au sample biased with 220 V bias voltage was
measured as well. After the XPS and XAES measurements, the samples were re-sealed in a
nitrogen-filled bag (without exposure to air) and shipped to Beamline 8.0.1 at the Advanced
Light Source (ALS), Lawrence Berkeley National Lab (LBNL) for XES measurements using
the iR1XS?® and our SALSA?® endstations. While the SiS; reference spectrum was measured at
the iRIXS endstation, all other spectra were measured at the SALSA endstation. The S and Si
L3 emission energy axis was calibrated using prominent spectral features in the S L2 3 XES of
CdS* and the elastic line (in higher order) of a C K RIXS (Resonant Inelastic X-ray Scattering)
map, in addition to a C K XAS (X-ray Absorption Spectroscopy) spectrum of HOPG®!,
respectively, unless otherwise stated.



3. Results and discussion
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Figure 1. XPS Mg K, survey spectra of the untreated (black), passivated (red), and degraded
(blue) silicon wafers of the n1 series. All spectra shown are normalized to the total spectral area.
For the “passivated” and “degraded” spectra, the regions between 250 and 60 eV are also shown
after multiplication by a factor of 5. Prominent photoemission and Auger peaks are labeled.?’

Figure 1 shows the XPS survey spectra of the nl series for the untreated, passivated, and
degraded Si surfaces, while the n2 and p series are shown in the supplemental information
(Figure S1). The spectrum of the untreated sample is dominated by Si peaks, as expected, with
some minor carbon and oxygen signals that can be attributed to surface adsorbates. In addition,
a small amount of residual fluorine is also visible, likely due to the use of HF in the cleaning
process.®? Upon passivation, small sulfur-related peaks are observed (and will be discussed
below). The Si peaks are reduced (most notably the Si 2p), while oxygen and carbon signals
significantly increase in intensity. This highlights the inherent (and practically probably
unavoidable) presence of oxygen in this specific sulfur passivation process. Possible sources
are the H2S gas (99.9% purity) or adsorbates from the chamber wall desorbing during the
temperature ramp-up in the passivation process. To test this latter hypothesis, the silicon wafer
was also heated to 600 °C (i.e., beyond the standard 550 °C) and in argon atmosphere in the
same chamber, also yielding a significant amount of oxygen (and fluorine) on the surface (see
Figure S2). Moreover, minor zinc and copper signals are detected. The former is a common
trace metal found in silicon®*34 while the latter could be due to the use of adhesive copper tape
for the sample mounting process. For the degraded sample, i.e., after exposure to air for 8 days,
the oxygen signal further increases, while the sulfur peaks decrease slightly in intensity.
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Figure 2. (a) XPS Mg K S 2s spectra of all silicon wafers (n1, n2, and p series). All spectra
are normalized to the area of the Si 2p area (see Figure 3a). Also, an n1 Si wafer from a separate
sample set is shown after S-passivation at 600 °C (topmost spectrum, see text for details). (b)
Direct comparison of the S 2s spectra of the passivated (red) and degraded (blue) Si wafers. All
spectra were normalized to peak maximum intensity; to better compare changes in the
lineshape, the degraded spectra were shifted by the amounts indicated by the blue arrows to
align with the spectra of the passivated samples. Afterwards, differences between the degraded
and passivated spectra were computed to analyze the spectral changes. Difference spectra
(residuals) are shown in black, multiplied by a factor of 2. A linear background is subtracted
from all spectra shown in Figures 2a) and 2b). Gray bars represent literature-based binding
energies of different sulfur chemical environments.?’

To obtain a detailed picture of the impact of the passivation and degradation steps, the local
chemical environment of sulfur and silicon are investigated in the following. Figure 2a shows
the S 2s regions of the various silicon wafers. The n1 and n2 untreated silicon wafers show the
presence of sulfur, likely from the use of the SPM mixture during the cleaning process.>* No
sulfur signal is found for the untreated sample of the p series. In contrast, the more bulk-
sensitive (and background-free) S L3 XES spectra reveal the presence of sulfur in all samples
(Figures 4 and 5).

After S-passivation, a S 2s XPS peak is found at ~227 eV for all three series. We assign this to
a sulfide-like chemical environment, i.e., to the formation of S-Si bonds, which is later
confirmed by S L>3 XES measurements. In addition to the peak at ~227 eV, a small peak at
~232 eV is visible in the n1 series (as seen when magnified by a factor of 3), indicating a small
degree of S-O bonds. Comparing with reference binding energies, this is likely a highly
oxidized (e.g., sulfate-like) chemical environment. We surmise that the sulfur impurities found
in the untreated Si wafer, and/or unreacted sulfur remaining from the H>S passivation,
subsequently oxidize during the S-passivation process. Alternatively, some of the S atoms (from
the S-Si bonds) may oxidize, forming S-O bonds.



For all Si wafers, the S 2s intensities decrease by ~50 % and broaden after degradation,
suggesting a loss of sulfur at the surface and a change in chemical bonding. To analyze the
peak broadening in Figure 2 b), the S 2s spectra were normalized to their peak maxima, the
degraded (blue) spectra were slightly shifted to align their low-binding energy side with the
spectra of the passivated samples, and difference spectra (i.e., “degraded — passivated”
residuals) were calculated. The shift indicates a change in surface band-bending and/or a
difference in the local chemical environment. All three difference spectra (magnified by a factor
of two) show intensity at ~229.5 eV. This binding energy is ascribed to the formation of S-O
bonds with intermediate oxidation state, such as that found for a sulfite chemical environment.
This assignment is further supported by comparing with the position of the sulfur peak (at
~229.5 eV) of the n1 Si wafer that was S-passivated at 600 °C (Figure 2a, topmost spectrum).
Due to a higher temperature, an increased presence of oxygen is found (see Figure S2). Thus,
after exposure to air, the sulfur content at the surface decreases and an additional S-O bonding
environment is observed, while some S-Si bonds remain unaffected.
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Figure 3. (a) Si 2p XPS and (b) Si KLL Auger spectra of the investigated silicon wafer surfaces.
The spectra are normalized to the corresponding Si 2p and Si KLL areas. (c) Wagner plot
displaying the Si 2p binding energy on the abscissa, the kinetic energy of the prominent Si KLL
peak on the ordinate, and the modified Auger Parameter on the diagonal lines. For each sample,
two data points were calculated using the positions of the features labeled (1) and (2),
respectively. The two boxed areas mark reference values?” typically found for SiO and (pure)
Si-Si chemical environments, while the region labeled “S-Si” represents data points observed
in this paper. The colors indicate the different treatments, while the shapes represent the sample
series of the Si wafers.

Figures 3a and 3b show the Si 2p and KLL spectra, respectively. All untreated samples exhibit
one major peak, marked (1), at ~100 and ~1616 eV in the Si 2p and Si KLL data, respectively.
After passivation, this main peak decreases in intensity. Additionally, peaks emerge at ~104 eV
in the Si 2p and ~1607.5 eV in the Si KLL data (marked with (2)). While, for the passivated
samples, peaks (2) are smaller than peaks (1), the situation is reversed for the degraded samples.
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To further analyze the Si chemical environments, the Si 2p binding energies, Egind(Si 2p), the
Si KLL kinetic energies, Ekin(Si KLL), and the modified Auger parameters o’si = Ekin(Si KLL)
+ Egind(Si 2p) are shown in a Wagner plot in Figure 3c. The modified Auger parameter has the
advantage of being insensitive to band bending changes and charging, and thus purely depends
on the chemical environment.®” Boxes are labeled indicating reference value ranges?”% for pure
Si and SiOz. For the studied samples, the Egind(Si 2p) of the peaks labeled (1) and (2) were
combined with the Ekin(Si KLL) of the peaks with the same numbers and are shown as colored
symbols in Figure 3c. The data points computed from peaks (1) appear in the top-right corner
of Figure 3c, with an average o’si = 1517.8 £ 0.2 eV, which can be assigned to Si in a pure Si
environment. Note how all o’sj are essentially identical within the error bar, indicating the same
chemical environment. The small observed variations in Egind(Si 2p) and Ekin(Si KLL) can thus
most likely be attributed to changes in band bending, which could be influenced by impurities
and bulk characteristics such as doping concentration and type. The data points computed from
peaks (2) appear in the bottom-left region of the Wager plot, with an average a’si = 1607.4
0.6 eV, and are labeled as “S-Si”. This value is similar to the range found for SiO», while the
XPS and XAES energies differ. SiS; and SiO2 have been reported to show very similar
energies,®3® which makes an unambiguous determination by XPS and XAES alone very
difficult. In the following, we will thus use XES for a more direct probe of these chemical
environments.

hv =180 eV
nl Series (3)

= Na,SO,
[%2]
c
2
= (2)
3 P
% SiS,
£ hv =200 eV
2 x3
/ degraded
passivated

untreated

Emission Energy (eV)

Figure 4. S L3 XES (hvexc. = 180 eV) of the silicon wafers of the n1 series. Reference spectra
of SiS; and Na»SO4 are shown for comparison. The upper valence band (UVB) region (152 -
165 eV) is magnified by a factor of 3 for the Si wafer samples. To emphasize the presence of
S-Si bonds, the spectrum of the passivated sample (red) is overlaid with the SiS; reference
spectrum (black, shifted by 0.27 eV to higher emission energies for best agreement) in the UVB
region.

The XPS and XAES data set is complemented by S L3 (Figures 4 and 5) and Si L3 (Figure 6)
XES data. While the (more surface-sensitive) XPS and XAES spectra only vary slightly
7



between the nl1, n2, and p series after the passivation and degradation processes, significant
differences are observed in XES. The nl series is discussed first (Figure 4) and then later
compared to the other two series. To identify the spectral signatures of S-Si bonds and sulfates,
Figure 4 shows the S L» 3 XES spectra of SiSz and Na,SO4 powder references. The spectrum of
SiS; is dominated by transitions from S 3s derived bands around 148 eV (1) and weaker
transitions from the upper valence band at higher energies, as marked with a black bar labeled
(2). For Na2SO0s4, the transitions involving the S 3s derived states are shifted to higher emission
energies, with peaks at 155.2 eV and 156.4 eV, and we find intensity at 161.6 eV that is
attributed to S 3d derived states.®® Although the S 2s XPS spectra of the n1 series in Figure 2a
show a very weak sulfate-related peak for the passivated sample, no evidence of sulfates is
found in the XES spectra of the nl series Si wafers in Figure 4 due to the reduced surface
sensitivity. All Si samples show a characteristic S 3s to S 2p transition at ~148 eV (1), indicative
of the presence of sulfur with an oxidation state < 0**1, which corroborates with the S 2s peaks
found in the XPS spectra in Figure 2. To ascertain that no other Si XES lines could be the origin
for the feature at ~148 eV, spectra of SiO2 powder, SisNas, SiC, and quartz were recorded in the
same region and do not show a peak at ~148 eV (see Figure S3). In contrast, a different
commercial silicon wafer (VWR International) also shows spectral intensity at ~148 eV, further
supporting the hypothesis of a general presence of sulfur in/fon nominally “untreated” Si wafers
(possibly from other treatments during the manufacture).

Due to unfavorable dipole selection rules, the upper valence band (UVB) between 151 and 162
eV is rather weak in S Lo3 XES spectra; it is thus also shown magnified (x3) in Figure 4. In
particular, S contributes to the UVB with S 3p states, for which, strictly speaking, emission is
dipole forbidden in S L» 3 XES. The observed intensity in the UVB region is thus indicative for
hybridization of the S states with covalent bonding partners (including S-S bonding). The weak
intensity in the UVB region of the S L2 3 XES for the Si wafers thus suggests S with only weak
covalent interaction and mostly ionic character. Upon closer inspection, the weak intensity in
the UVB region of the n1 series shows similarities to the SiS; reference spectrum. This is most
pronounced for the passivated sample - the overlaid SiS; UVB spectrum (black) shows a very
good agreement with the sample spectrum (red), indicating the formation of S-Si bonds. Note
that the SiS; reference spectrum is shifted by 0.27 eV to higher emission energies for best
agreement, which is likely related to the uncertainty in energy calibration between different
experimental stations and beamtimes. As marked in Figure 4, some fluorine K emission (excited
with higher-order light of the beamline and detected in the 4™ order of the spectrometer) is
found for the untreated and passivated samples, in agreement with the small F 1s signal found
in XPS in Figure 1.
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Figure 5 shows the UVB region of the S L3 XES spectra of the n2 and p series in comparison
with Na>SOj4 (sulfate), Na2SOs (sulfite), and SiS» reference spectra. The prominent spectral
features are marked by numbers (1) through (4). The transitions from S 3s derived states (1) are
found at 153.5 and 154.7 eV for Na,SO3 and 155.2 and 156.4 eV for Na2SOs, respectively. The
sulfite spectrum also contains transitions indicative of sulfate, likely caused by beam-induced
formation of sulfate and/or contamination in the reference powder.*? Both Na;SO4 and Na2SO3
show emission from S 3d derived states (3), with Na>SO3 exhibiting two additionally peaks (4)
at 163.8 and 165.0 eV. Comparing the reference spectra with the silicon wafer spectra, we find
the following. All spectra show some weak and broad intensity between 153 and 160 eV,
indicating some S-Si bonding. Furthermore, the untreated and degraded spectra of the n2 series,
as well as the passivated and degraded spectra of the p series, exhibit clear signals indicative of
sulfates. Variations in the peak positions between the references and sample spectra can be
related to different cations.® Additionally, we find sulfite spectral features for the degraded
sample of the n2 series and the passivated sample of the p series (at ~153.5 eV).
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marked (1)-(3). (b) Difference of passivated and untreated spectra (red), as well as difference
of degraded and untreated spectra (blue) of the respective sample series. SiO2 and SiSz reference
spectra are shown for comparison, with prominent features denoted by the vertical lines marked

(@) - (d).

The local chemical environment of Si is discussed in the following with the XES Si L3 spectra
in Figure 6. The spectra of the n1 series depicted in Figure 6a show the characteristic signature
of crystalline Si, which is characterized by three intense peaks at 89.5 (1), 92.1 (2), and 95.5
eV (3).* At first sight, no significant differences are evident between the differently treated
samples of the nl series (and similarly for the n2 and p series, not shown). This is not
unexpected due to the bulk-sensitivity of the XES measurements — most of the probed silicon
atoms will not be affected by any kind of surface treatment. Here, the incoming and outgoing
photons are attenuated by the characteristic 1/e attenuation length of ~50 nm and ~590 nm at
115 and 90 eV, respectively.** To become sensitive to subtle (surface) changes in the Si spectra,
difference spectra (Figure 6b) were calculated by subtracting a maximal amount of the
“untreated” spectrum from the respective “passivated” (red) and “degraded” (blue) spectra. The
spectra are normalized at 92.1 eV and shifted £0.02 eV prior to subtraction for optimal
alignment. In Fig. 6, the spectra of SiO> and SiS, reference powders are also shown for
comparison. All difference spectra resemble the SiO. reference spectrum, suggesting the
formation of Si-O bonds. After degradation, the relative intensity of the remaining (oxide)
spectral contribution increases. These observations are in agreement with the XPS results
discussed above. Note that additional intensity is found at 92.2 eV for some of the difference
spectra, i.e., close to the energy of the strongest peak in the Si L2 3 XES spectra; we surmise that
this is an artifact from the subtraction routine. Also, the presence of another minority Si species
cannot be entirely ruled out. However, no evidence for S-Si bonds is observed in the Si L3
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difference spectra - the feature marked with (b) is absent. This is not surprising since, in contrast
to S Lo 3 XES that exclusively probes the environment of the sulfur atoms, the contribution of
silicon atoms bonded to sulfur in the Si Lo,z XES is likely below the (relative) detection limit.

The electron and x-ray spectroscopy data discussed above now allows us to describe the
passivation and degradation mechanisms, as follows. While all studied Si wafers already show
small amounts of S in the untreated crystals, we find a prominent increase of sulfur at the surface
after passivation and can identify S-Si bonds. Furthermore, we note an increase of SiO> as well,
possibly due to the presence of oxygen during the elevated temperature of the passivation
process. After subsequent air exposure, a clear decrease in the sulfur content and an increase of
the amount of SiO; are detected. This interaction with air is likely due to moisture, forming HzS
that subsequently desorbs. This loss of sulfur passivation can be correlated with the significant
decrease in minority carrier lifetime observed in the degraded samples, regardless of Si wafer
type. Similarly, we find a correlation between the degrees of oxidation for the passivated
samples: The largest effective minority carrier lifetime (>2000 uS) is observed for the nl
passivated sample, for which the lowest degree of surface oxidation and the clearest signature
of S-Si bonding is found. In contrast, the other passivation series, with shorter effective minority
carrier lifetime, exhibit a higher degree of sulfur-oxygen bond formation and/or a weaker S-Si
bond signature.

Summary

The impact of a novel sulfur passivation approach and subsequent air-induced degradation on
Si surfaces for photovoltaic applications is investigated using photoelectron, Auger electron,
and soft x-ray emission spectroscopy, making use of the different degrees of surface sensitivity
of these techniques. The spectra paint a detailed picture of the chemical changes induced by the
passivation process and shed light on the degradation mechanism occurring during air exposure.
The observed changes in surface chemical structure are correlated with the observed changes
in effective minority carrier lifetimes after passivation and degradation. We find the sulfur
passivation approach to efficiently bond sulfur to the Si wafer surface but observe a loss of
sulfur as well as a Si oxide formation after air exposure. Although sulfur passivation using HzS
has the potential to be an alternative low-temperature passivation technique for Si surfaces, the
preservation of a well-defined S-Si bond environment (especially after air exposure) is crucial
to maintain high-quality surface passivation for Si photovoltaics.
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