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ABSTRACT: Subnanometer-scale silicon dioxide (SiO2) films are
frequently present before, during, and after silicon device
processing, yet they offer minimal surface passivation and can
detrimentally impact subsequent processing steps. Here we
develop a process whereby the surface passivation of nanometer
and subnanometer SiO2 films is enhanced by up to 2 orders of
magnitude by a simple room temperature treatment using the
superacid bis(trifluoromethane)sulfonimide (TFSA, sometimes
TFSI). By accurately modeling the effective lifetime curves
corresponding to the superacid treated SiO2 samples, we have
determined that the enhanced passivation is mainly due to a
reduction in the interface defect density (Dit) at the Si/SiO2
interface, with a minor contribution also arising from the presence
of negative charge. X-ray photoelectron spectroscopy of the treated SiO2 films reveals the presence of fluorine, and this, along with
hydrogen, is a strong candidate for the chemical passivation of defects at the Si/SiO2 interface. Post treatment, the SiO2 films show
short time scale electronic instability, whereby a degradation and then recovery are observed over a period of 1−10 h which is
attributed to variations in the Dit, as determined from our analysis of the injection-dependent lifetime data. Following the instability
period, the surface passivation remains relatively stable for days. Nuclear magnetic resonance measurements of superacid-based
solutions reveal that electron-donating solvents should be avoided, as they exacerbate surface passivation instabilities. The results
presented demonstrate that simple strategies can be used to enhance the passivation properties of ultrathin films greatly, which in the
age of nanotechnology could offer benefits to device performance in a range of applications including solar cells and batteries.
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■ INTRODUCTION

The existence of ultrathin (<1 nm) native oxides on
semiconductor surfaces which form from storage in ambient
conditions has often reflected negatively on electronic device
performance. In particular, native oxides prevent the growth
(or deposition) of high quality films on the semiconductor
surface and consequently result in poor film adhesion, an
increase in contact resistance, and enhanced surface recombi-
nation.1 As a result, for silicon in particular, native oxides have
undergone extensive investigation to prevent/inhibit their
formation and therefore improve device yield and perform-
ance.
While the native oxide has long been considered a pest for

electronic devices, it does have one substantial advantage over
other thin film growth methods, insofar as it readily grows
uniform subnanometer thin films on silicon surfaces, which in
the age of nanotechnology should not be overlooked.1,2 The
challenge therefore is not how to remove the native oxide, but
how to replicate its growth on much shorter time scales and
how to improve the electronic properties of the oxide to
reduce contact resistance and surface recombination (similar

to that achieved by much thicker thermally grown SiO2),
thereby boosting device performance rather than hindering it.
Examples where ultrathin oxides are proving beneficial include
protecting the anode in lithium ion batteries,3−7 acting as a
passivated contact in novel graphene−silicon Schottky
barriers,8 in commercially produced passivated emitter and
rear cell (PERC) silicon solar cells,9 and in applications where
efficient visible photoluminescence from silicon-based nano-
structures is desirable.10 While synthesizing nanometer scale
oxide films is a relatively easy task, especially on silicon (e.g., by
wet chemical treatments, thermal oxidation, and atomic layer
deposition),11−13 enhancing their properties to a suitable level
is not trivial, and more extensive investigations are necessary to
achieve the true potential of ultrathin oxide films.
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While high-temperature postprocessing methods such as
nitrogen/argon annealing are very effective at reducing the
dangling bond density at the Si/SiO2 interface (chemical
passivation),11,14 the high temperatures pose a risk to the
underlying silicon substrate, whereby metal contamination can
occur, thereby permanently degrading the silicon material and
thus subsequent device performance. Furthermore, unless
under vacuum conditions, control of the oxide thickness at
elevated temperatures becomes very challenging, as any
exposure to oxygen will promote rapid oxide growth, and
growing oxides of ∼1 nm or less is extremely challenging.
Thus, to minimize further oxide growth (beyond a desirable
thickness), low-temperature processing is preferred to enable
high levels of surface passivation to be achieved by ultrathin
SiO2 films. Suitable methods for this include cesium chloride-
based treatments15,16 and corona charging.17,18 Both of these
methods have shown to boost the level of charge contained
within the SiO2 film substantially, thereby improving the level
of field effect passivation at the Si/SiO2 interface; however,
both require subsequent thermal processing (>400 °C) or
dielectric depositions to trap the charge permanently, and such
processing can detrimentally affect bulk charge carrier
lifetimes.19,20

In recent times, however, a temporary room temperature
superacid-based treatment has been developed, whereby bare
silicon samples are dipped into a solution comprising
bis(trifluoromethane)sulfonimide (TFSA or sometimes
TFSI) and a solvent such as dichloroethane, hexane, or
pentane.21−24 With this technique, surface recombination
velocities of <1 cm/s (at an injection level (Δn) of 1015

cm−3) have been measured, equivalent to the surface
passivation achieved by state-of-the-art dielectric films such
as silicon nitride, aluminum oxide, or amorphous silicon.25 The
mechanism of surface passivation has been attributed to a
higher degree of chemical passivation compared to the field

effect, with the latter providing a minor contribution.23,24

However, despite the superacid-based passivation technique
showing excellent results on bare silicon samples on a
temporary basis, its application on permanently improving
the electronic properties of ultrathin SiO2 films has yet to be
investigated.
In this work, we apply the superacid-based passivation

treatment to ultrathin SiO2 films to modify their electronic
properties, with the ultimate aim of establishing permanent
surface passivation. We investigate subnanometer SiO2 films
produced in different ways, including “native-air” oxides which
had grown during prolonged (several years) exposure to
ambient air, “native-humid” oxides in which bare silicon
surfaces are exposed to a humid atmosphere for several days,
and chemically grown “SC2 oxides” arising from standard
cleaning processes. We first examine how quickly the oxide
passivation increases with immersion time in the superacid
solution via photoconductance minority carrier lifetime
measurements. We then fit our injection-dependent lifetime
data to establish the likely mechanism of passivation, and we
measure the composition of the oxides before and after the
superacid treatment by X-ray photoelectron spectroscopy
(XPS). Investigations into various ultrathin SiO2 growth
methods and their corresponding level of passivation achieved
post superacid treatment are performed. Finally, we analyze the
stability of the superacid solutions and TFSA−solvent
interactions via nuclear magnetic resonance (NMR).

■ RESULTS AND DISCUSSION

Figure 1a plots the injection-dependent effective lifetime of a
native-air SiO2-coated silicon sample pre- and post-immersion
in a TFSA−dichloroethane (TFSA−DCE) solution for 20 min
at room temperature. Prior to a superacidic treatment, the
measured effective lifetime of the native-air SiO2 coated silicon
sample is very low (∼10 μs) due to a very high surface

Figure 1. (a) Injection-dependent lifetime of a native-air oxide-coated FZ 5 Ω cm silicon sample pre-immersion (orange squares) and post-
immersion in a TFSA−DCE solution for 20 min (blue circles). The inset in (a) shows the lifetime improvement with immersion time in the
TFSA−DCE solution. (b) Procedure to enhance electrically thin SiO2 layers by first immersing the silicon sample in a TFSA solution followed by
storage in a closed plastic Petri dish, which is used during lifetime characterization.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c02935
ACS Appl. Energy Mater. 2022, 5, 1542−1550

1543

https://pubs.acs.org/doi/10.1021/acsaem.1c02935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02935?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c02935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


recombination velocity (SRV) of ∼4000 cm/s, thereby having
very little use in applications where power and efficiency are to
be maximized.
In contrast, when the same sample is then immersed in a

superacidic TFSA−DCE solution, placed into a closed plastic
Petri dish (to control the localized ambient conditions), as
highlighted in Figure 1b, and subsequently remeasured, we
observe a significant increase in the effective lifetimeby
greater than 2 orders of magnitudewhich corresponds to an
upper limit SRV of <20 cm/s (at Δn = 1015 cm−3). Notably,
the immersion time can be as short as 5 min, as shown by the
inset of Figure 1a; however, a 20 min immersion time was
chosen to ensure maximum passivation was always achieved
under open circuit conditions (e.g., no applied bias).
At this point, it is important to mention that our effective

lifetime measurements are very sensitive to defects at the Si/
SiO2 interface and charge within the film (including the
interface). Thus, by accurately modeling the effective lifetime
curves corresponding to the treated SiO2 samples, we can gain
further insight on the mechanisms of surface passivation and
determine whether chemical species are bonding to defect sites
at the Si/SiO2 interface, thereby reducing the interface state
density Dit (chemical passivation), providing a higher level of

effective charge Qeff (field-effect passivation) or a combination
of both. Figure 2 shows the results.
Figure 2a shows the effective lifetime of a native-air SiO2-

coated Si sample (at Δn = 1015 cm−3) immediately after a 20
min TFSA−DCE treatment. The figure shows the lifetime
rapidly degrading, and then after ∼15 min, it begins to
increase, reaching a stabilized lifetime after ∼2 h post TFSA−
DCE treatment. At this time it is difficult to ascertain why this
behavior results, but it does suggest the presence of mobile
species within the oxide layer. To support this finding, we
model recombination parameters at the Si/SiO2 interface by
fitting each individual lifetime curve, with the quality of fit
demonstrated in Figure 2b. Fitting of the experimental lifetime
curves was performed by using software available from PV
Lighthouse,26 which is based on a method described by Girisch
et al.27 and subsequently extended by Aberle et al.28 For the
fitting we use the intrinsic recombination parametrization of
Richter et al.29 and assume that surface recombination is
governed by two defects, one at midgap and the other at Et =
Ev + 0.1 eV, as depicted in Figure 2d. The fit parameter for
chemical passivation is a carrier type-specific surface
recombination parameter; for electrons Sn0 = νtn × σn × Dit
and for holes Sp0 = νtp × σp × Dit, where νtn is the thermal
velocity of electrons, νtp is the thermal velocity of holes, and σn

Figure 2. (a) Effective lifetime versus post-immersion time for native-air SiO2-coated FZ 5 Ω cm silicon treated with TFSA−DCE for 20 min. (b)
Corresponding injection-dependent effective lifetime at selected time intervals of 0.15, 0.55, 0.83, and 3 h, where the solid black lines are the
modeled effective lifetime. (c) Normalized Sn0, Sp0, and Qeff versus immersion time as determined from the modeled effective lifetime. (d) Energy
band diagram showing the likely position of the two dominant defects at the SiO2/Si interface as a result of the TFSA treatment.
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and σp are the capture cross sections for electrons and holes,
respectively. It is not possible to separate the cross section and
interface state density terms from the analysis of lifetime data
alone.
Figure 2c shows the trends in the surface recombination

parameters resulting from fitting the experimental lifetime
curves, as demonstrated in Figure 2b. From our modeling, it
can be seen that Qeff remains relatively constant at (−4.4 ±
0.1) × 1010 qcm−2, thereby confirming that variations (or lack
of) in the field-effect passivation cannot explain the rapid
degradation and subsequent recovery in lifetime as shown in
Figure 2a. Notably, the magnitude of charge and its polarity is
consistent with previous Kelvin probe studies of TFSA-based
passivation of silicon; however, in those cases, no oxide was
present.30 With this in mind, we can conclude that the
variation in lifetime (i.e., degradation + recovery) is primarily
determined by variations in the chemical passivation
component (i.e., Sn0 and Sp0) at the Si/SiO2 interface. Figure
2c plots the normalized Sn0 and Sp0 values for the shallow and
midgap defects, which in contrast to the trend in Qeff show
marked similarities to the lifetime data in Figure 2a, noting that
the lifetime is inversely proportional to surface recombination.
In this case, it was appropriate to normalize the Sn0 and Sp0
values as their absolute values differed substantially, and thus
their respective trends were difficult to assess. Nevertheless, the
reader can extract the absolute values by using the minimum
Sn0 and Sp0 values shown in Figure 2c.
While both defects (shallow and midgap) show similar

trends in their respective Sn0 and Sp0 parameters, the shallow
defect exhibits much stronger recombination activity, evident
by the absolute values shown in Figure 2c, and therefore the
lifetime is predominantly determined by the recombination
activity of the shallow defect. Supporting our finding, Zeng et
al. reported a reduction in Dit (from current−voltage
measurements) when subjecting zirconium oxide (ZrO2)-
coated indium arsenide (InAs) ribbons to a superacid
treatment, postulating the reduction in Dit was attributed to
hydrogen ions (H+) diffusing through the ZrO2 layer, which
subsequently reduced the interfacial oxide (InO3) at the ZrO2/
InAs interface.31

Knowing that our superacid treatment primarily enhances
surface passivation by reducing the Dit, we have performed
XPS measurements on our nanometer scale SiO2 films to
ascertain the likely chemical species passivating defects at the
Si/SiO2 interface. Figure 3 plots the key XPS features of a

native-air SiO2 before and after a 20 min superacidic TFSA−
DCE treatment, with typical survey scans given in Figure S5.
From the Si 2p spectra in Figure 3a, two important
observations can be drawn. First, an ∼1 nm thick oxide film
(as determined by the thickogram method32) can be observed,
consistent with the findings of Morita et al.1 for a native oxide,
with a chemical structure being predominantly SiO2 and a
much smaller percentage being composed of SiOx. Second, the
thickness of the native-air SiO2 layer has not reduced post-
immersion in a superacidic TFSA−DCE solution. The latter is
an important finding, as it indicates the superacid does not etch
silicon dioxide and therefore cannot explain the significant
increase in effective lifetime (reduction in SRV) in Figure 1a.
The XPS spectra in Figures 3b and 3c are for F 1s and N 1s,
respectively, and these elements are important as they are
constituents of the TFSA molecule (shown in Figure 1b).
Figure 3b clearly demonstrates an increase of fluorine species
in the native-air SiO2 layer post TFSA−DCE treatment, with
the residual fluorine in the untreated case likely to arise from
an etching step earlier in the sample’s processing history. We
even see small traces of TFSA in the N 1s spectra of Figure
3c.33 A similar finding was also observed for a much thinner
(0.3 nm) SC2 SiO2 when treated by a TFSA−DCE solution
with the results presented in Figure S1. Further XPS data for O
1s and C 1s are given in Figures S3 and S4, respectively.
Given the results in Figure 3, it is still unclear how the TFSA

molecule reacts when in contact with an SiO2 surface in open
circuit conditions. Some reports have evidenced that TFSA can
decompose when in contact with silicon-containing surfa-
ces;34,35 however, these studies have been performed under
bias. Nevertheless, to gain some insight into the behavior of
TFSA when in contact with an SiO2 surface under open circuit
conditions, we compare XPS spectra recorded at a takeoff
angle relative to the surface parallel of 15° (surface sensitive)
and 90° (bulk sensitive) of relevant elements, with the data
presented in Table 1. For the pretreated native-air SiO2 XPS
data shown in Table 1, there are obvious differences in the Si
and O concentrations when performing measurements at 15°
and 90°, but they do not change substantially post TFSA
treatment. In contrast, the fluorine XPS data show that prior to
the superacidic treatment there is a small concentration of F
which is evenly distributed throughout the oxide film, evident
by comparing the surface sensitive 15° measurement, to that of
the bulk sensitive 90° measurement. This residual F has likely
originated from the wet chemical cleaning process once the

Figure 3. XPS spectra recorded at a takeoff angle of 15° with respect to the surface parallel for native-air SiO2-coated FZ 5 Ω cm silicon samples
without treatment (pink squares) and with treatment in a TFSA−DCE solution for 20 min (blue circles). (a), (b), and (c) correspond to XPS
spectra for Si 2p, F 1s, and N 1s, respectively.
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wafers had been sliced from the silicon ingot. When the native-
air SiO2 film has been treated with TFSA, there is an increase
(relative to the pretreated data in Table 1) in the F
concentration throughout the oxide, with a slightly higher
concentration being observed on the surface of the oxide (i.e.,
15° measurement) compared to that observed in the bulk of
the SiO2 film (i.e., 90° measurement). The same finding was
observed for the much thinner SC2 SiO2 film, as evidenced in
Figure S1b and Table S2. In contrast, traces of sulfur in the
oxide (or its surface) could not be accurately measured, as the
Si 2s plasmon loss features coincide with the relevant sulfur
peaks (e.g., S, C−S−C, and SO2−C) in the XPS spectra. On
the other hand, we did detect a moderate signal from carbon;
however, carbon is a well-known contaminant that readily
absorbs onto the oxide surface under atmospheric conditions
(as our samples experienced prior to XPS). Thus, it is difficult
to distinguish the remaining atmospheric contamination from
carbon in the sample; however, we can rule out the existence of

SiC as there was no component in the C 1s spectrum as a
binding energy below 284 eV.36 Thus, on the basis of our
compositional analysis of the TFSA treated SiO2 films, fluorine
is a strong candidate for the chemical passivation of defects at
the Si/SiO2 interface; however, hydrogen cannot be ruled out,
as this too is a constituent of TFSA but challenging to detect.
Therefore, while we cannot definitively conclude that TFSA
decomposes on the SiO2 surface under open circuit conditions,
there are indications from our XPS and lifetime measurements
that make it plausible.
Thus far, the main focus of this paper has been on the

passivation mechanisms at the silicon−native oxide interface.
Now we assess the impact of varying the solvent in which the
TFSA is dissolved and the growth method of subnanometer
SiO2 films. Figure 4a plots the effective lifetime at Δn = 1015

cm−3 of a native-air SiO2 coated Si sample immediately after a
20 min treatment in TFSA−DCE, TFSA−IPA, and TFSA−
pentane. Clear differences in the lifetime trends are observed,
suggesting the solvent has a strong influence on how the TFSA
molecule reacts with either the SiO2 film or the solvent itself.
While the trends for the TFSA−DCE and TFSA−IPA

samples are very similar, the latter begins to degrade rapidly
once it had transitioned through the degradation + recovery
phase. In contrast, the TFSA−pentane treated SiO2 film shows
a very small improvement in the lifetime post treatment for at
least 1 h and then steadily increases, reaching a stabilized
lifetime ∼40 h post treatment. While it is not clear why the
superacidic treatment should depend on the solvent, there are
notable differences in their molecular polarities and chemical

Table 1. XPS Elemental Composition (at. %) of Native-Air
SiO2 Layers Pre and Post TFSA−DCE Treatment at a Take-
Off Angle of 15° and 90°

sample
take-off angle

(deg) Si O C F

native-air SiO2 90 54.5 36.8 8.4 0.3
native-air SiO2 15 42.6 40.2 16.9 0.3
native-air SiO2 + TFSA 90 54.8 38.2 6.3 0.8
native-air SiO2 + TFSA 15 40.5 43.1 14.4 1.2

Figure 4. (a) Effective lifetime versus post-immersion time for TFSA−DCE (blue circles), TFSA−IPA (green triangles), and TFSA−pentane
(purple squares) treated native-air SiO2-coated FZ 5 Ω cm silicon. (b) 19F{1H} NMR spectra for TFSA−DCE, TFSA−IPA, and TFSA−pentane
solutions. (c) Effective lifetime versus post-immersion time for TFSA−DCE treated native-air SiO2 (blue circles), native-humid SiO2 (red
triangles), and SC2 SiO2 (gold squares) coated FZ 5 Ω cm silicon. Lifetimes are reported at Δn = 1015 cm−3.
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makeup. For example IPA, DCE, and pentane have relative
molecular polarities of 0.546, 0.327, and 0.009, respectively,37

while IPA is the only solvent which contains an oxygen atom.
Similarly, DCE is the only solvent that contains Cl, yet the
latter does not show signs of significant instability once the
lifetime has recovered. Thus, to clarify this stability issue as
seen in Figure 4a, time-dependent 19F{1H} NMR was
performed on freshly prepared TFSA−solvent mixtures to
assess their stability, and results are plotted in Figure 4b. In
general, 19F NMR spectra of TFSA-containing solutions give
rise to a chemical shift of −76 ± 1 ppm,38 which accounts for
most solvent interactions with the TFSA anion, and this is
confirmed by our measurements of TFSA−DCE and TFSA−
pentane shown in Figure 4b. In contrast, TFSA−IPA shows a
chemical shift of ∼−80 ppm, which is ∼3 ppm more negative
than for TFSA−DCE and TFSA−pentane, indicating that the
TFSA’s fluorine atoms are more shielded in the TFSA−IPA
solution than in other solutions, thereby causing a more
negative chemical shift of the TFSA peak in the 19F NMR
spectra. As noted above, IPA is the only solvent that contains
oxygen, and thus the electron-donating ability of the oxygen
could explain why we see more shielding (e.g., a more negative
chemical shift of the TFSA peak) in the 19F NMR spectra
compared to TFSA−DCE and TFSA−pentane. To further
evidence this theory, Figure 5 plots the chemical shift of the

TFSA anion as a function of donor number, a quantitative
measure of electron-donating ability,39 for a variety of solvents
in which the TFSA anion was dissolved.
Figure 5 plots the 19F NMR chemical shift of TFSA

dissolved in various solvents. The blue circles correspond to
measurements we have performed, and the red squares
represent data from the literature.39−45 From the figure, it is
evident that a monotonic trend in the TFSA chemical peak
shift with donor number exists, with oxygenated solvents
tending to have higher donor numbers, suggesting the oxygen
in the solvent does influence interactions with the TFSA anion.
In the context of Figure 4b, we note that while TFSA−IPA
interactions are present (presumably due to the presence of

oxygen in the solvent), we do not see any evidence of the
TFSA anion breaking down into subspecies over a 9 day
period, and therefore instabilities observed for the TFSA−IPA
sample in Figure 4a (green triangles) cannot be attributed to
this.
Therefore, on the basis of evidence we have acquired, we can

only postulate that the electron-donating properties of
oxygenated IPA are negatively impacting the stability of the
surface passivation (by yet an unknown mechanism) when a
native oxide film is treated by a TFSA−IPA solution. Thus, to
overcome instability issues when treating ultrathin SiO2 films
in TFSA-based solutions, it is best to avoid solvents that
contain a high electron-donating number (e.g., like those
shown in Figure 5).
In contrast to varying the solvent and observing its influence

on the level (and stability) of surface passivation attained post
superacidic treatment, we have also examined the influence of
the SiO2 growth method (as specified in the Methods section).
Figure 4c plots the effective lifetime (at Δn = 1015 cm−3) of
TFSA−DCE treated native-humid SiO2 (4 day growth time),
SC2 SiO2, and native-air SiO2 (as a reference). All oxide
thicknesses were determined by the thickogram method using
XPS peak intensity data.32

From Figure 4c, it is quite clear that the level of surface
passivation is not dependent on the oxide thickness, evident by
comparing the native-humid SiO2 and native-air SiO2 lifetime
trends, with the former having an oxide thickness of ∼0.2 nm
and the latter ∼1 nm. In contrast, the SC2 SiO2 and native-
humid SiO2 samples have similar oxide thicknesses, yet their
corresponding lifetime levels (and passivation quality) differ by
almost 2 orders of magnitude. While XPS data (see Tables S1
and S2) do show slight variations in the chemical makeup of
these oxides (e.g., varying levels of carbon, oxygen, and
fluorine), there is not sufficient data to draw the main
differences in the chemical makeup of the oxides (e.g., atomic/
molecular hydrogen) conclusively, yet it is clear they play a
significant role. Thus, while no conclusions can be drawn from
the differing passivation behavior of the various oxides post
TFSA−DCE treatment, it is clear that the growth method and
not the oxide thickness (when dox ≤ 1 nm) is key to achieving
a high level of surface passivation.

■ CONCLUSION
In this work, we have demonstrated that the surface passivation
offered by ultrathin SiO2 films can be substantially enhanced
by subjecting the films to a short wet chemical superacid-based
immersion treatment at room temperature. By accurately
modeling the effective lifetime curves corresponding to the
superacid treated SiO2 samples, we have determined that the
enhanced passivation is mainly due to a reduction in the
interface defect density at the Si/SiO2 interface, with a minor
contribution also arising from the presence of negative charge.
Subsequent XPS measurements of the treated SiO2 films
revealed the presence of fluorine, and this, along with
hydrogen, is a strong candidate for the chemical passivation
of defects at the Si/SiO2 interface. Importantly, the XPS results
also demonstrated that the ultrathin oxide films are not etched
when subject to superacid solutions. Post treatment, the SiO2
films show short time scale electronic instability, whereby a
degradation and then recovery are observed over a period of
1−10 h which has been attributed to variations in the chemical
passivation, while the field effect passivation component
remains relatively stable. Following the instability period, the

Figure 5. 19F NMR chemical shift of the TFSA anion versus the
donor number of the solvents in which the TFSA anion was dissolved.
The blue circles represent values that have been measured in this
work, and the red squares correspond to data in the literature.39−45

The black dashed line is a guide to the eye.
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surface passivation (chemical and field effect) remains
relatively stable; however, in cases where the SiO2 films have
been treated by a superacid solution that enhances electron
donation (e.g., TFSA dissolved in oxygen-containing solvents),
a permanent degradation trend is observed, suggesting oxygen-
containing solvents should be avoided. Finally, we demon-
strated that the oxide growth method, and not its thickness
(for dox ≤ 1 nm), plays a significant role in the level of surface
passivation that can be achieved post superacid treatment,
whereby native oxide films show the most promising results
compared to those oxides grown via standard wet chemical
processes.

■ METHODS
Experiments were conducted on 700 μm thick 5 Ω cm n-type (100)-
orientation 100 mm diameter float-zone (FZ) silicon wafers. Prior to
oxidation of the silicon surface, the samples (aside from samples
which necessitated a native-air oxide to remain) were subjected to a
carefully optimized surface preparation process22,23 comprising an HF
(1%) dip, standard clean 2 SC2 (H2O, H2O2 (30%), and HCl (37%)
in 5:1:1 ratio) for 10 min at ∼75 °C, an HF (1%) dip, an etch in 25%
tetramethylammonium hydroxide (TMAH) for 10 min at ∼80 °C,
another HF (1%) dip, and a second standard clean 2 as previously
described, followed by immersion in 2% HF. Samples are then pulled
dry from the HF solution.
In this work three different types of silicon dioxide films were

investigated: (i) native-air oxide which had grown during prolonged
(several years) exposure to ambient air while being stored in a wafer
box (these samples did not go through the chemical pretreatment);
(ii) native-humid oxide were grown by exposing the bare silicon
surface to an 85−90% RH ambient air at ∼20 °C for 1−10 days (see
growth rate data in Figure S2); and (iii) SC2 oxide were grown by
using a standard clean 2 solution as specified above for 10 min at ∼75
°C.
Precursor chemicals were handled and stored in a high specification

glovebox (a sealed filtered MBRAUN UNIlab modular glovebox
workstation) with gas purification system and solvent filter with a
controlled low-humidity atmosphere (<0.1 ppm of O2; <0.1 ppm of
H2O). Superacidic solutions were made by dissolving 400 mg of
bis(trifluoromethane)sulfonimide (TFSA) crystals from Sigma-
Aldrich (>95% purity) in 200 mL of either anhydrous pentane
(>99% pure), anhydrous 1,2-dichloroethane (DCE, 99.8% pure), or
anhydrous 2-propanol (99.5% pure) from Sigma-Aldrich. The
solutions were then transferred to a lower specification glovebox
with a flowing nitrogen ambient atmosphere (relative humidity
<25%). For each experiment, solutions were poured into a glass
beaker, and a SiO2-coated silicon sample was immersed into the
solution for 20 min unless otherwise specified. Following the
superacidic treatment, the samples were allowed to dry in the
glovebox, placed into closed plastic Petri dishes, and removed from
the glovebox for characterization purposes. Quasi-steady-state photo-
conductance (QSSPC) and transient photoconductance decay (PCD)
lifetime measurements were performed by using a Sinton WCT-120
lifetime tester.
The superacidic solutions were studied by nuclear magnetic

resonance (NMR) with 19F{1H} NMR spectra recorded on a Bruker
Avance III HD 300 at 282.4 MHz. Sample tubes were filled with
deuterated chloroform (>99.8% purity with 0.03% tetramethylsilane)
under a dry nitrogen atmosphere. α,α,α-trifluorotoluene (δF −63.72
ppm) was added as an internal fluorine reference. All spectra were
averaged over 64 scans.
Photoelectron spectroscopy data were collected at the Warwick

Photoemission Facility using a Kratos Axis Ultra DLD spectrometer.
Treated samples were mounted on to copper stubs by using
electrically conductive carbon tape and transferred to the
spectrometer from a glovebox under an inert atmosphere. The base
pressure of the XPS spectrometer was ∼1 × 10−10 mbar, and samples
were pumped to below 1 × 10−6 mbar in the load lock before transfer.

XPS measurements were performed by using a monochromated Al
Kα X-ray source. The measurements were conducted at room
temperature and at a takeoff angle of 15° and 90° with respect to the
surface parallel. The core level XPS spectra were recorded by using a
pass energy of 20 eV (resolution ∼0.4 eV) from an analysis area of
300 μm × 700 μm. The spectrometer work function and binding
energy scale were calibrated by using the Fermi edge and 3d5/2 peak
recorded from a polycrystalline Ag sample prior to the commence-
ment of the experiments. Fitting procedures to extract peaks positions
and relative stoichiometries from the XPS data were performed by
using the Casa XPS software suite, Shirley backgrounds, and mixed
Gaussian−Lorentzian (Voigt) line shapes, and the oxide thicknesses
were calculated by using the thickogram method,32 with the
corresponding sensitivity factors given in Table S3.
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