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A B S T R A C T

Accurate measurements of bulk minority carrier lifetime are essential in order to determine the true limit of
silicon's performance and to improve solar cell production processes. The thin film which forms when silicon
wafers are dipped in solutions containing superacids such as bis(trifluoromethane)sulfonimide (TFSI) has re-
cently been found to be effective at electronically passivating the silicon surface. In this paper we first study the
role of the solvent in which TFSI is dissolved for the passivation process. We study ten solvents with a wide range
of relative polarities, finding TFSI dissolved in hexane provides improved temporal stability, marginally better
passivation and improved solution longevity compared to dichloroethane which has been used previously.
Sample storage conditions, particularly humidity, can strongly influence the passivation stability. The optimised
TFSI-hexane passivation scheme is then applied to a set of 3Ω cm n-type wafers cut from the same float-zone
ingot to have different thicknesses. This enables the reproducibility of the scheme to be systematically evaluated.
At 1015 cm−3 injection the best case effective surface recombination velocity is 0.69 ± 0.04 cm/s, with bulk
lifetimes measured up to the intrinsic lifetime limit at high injection and>43ms at lower injection. Immersion
of silicon in superacid-based ionic solutions therefore provides excellent surface passivation, and, as it is applied
at room temperature, the effects on true bulk lifetime are minimal.

1. Introduction

The highest efficiency silicon solar cells require substrates with bulk
minority carrier lifetimes well into the millisecond range. Recent ad-
vances in wafer production and processing technologies mean that the
true lifetime limit is not known, with several recent studies [1–5] re-
porting lifetimes higher than the currently accepted intrinsic “limit”
due to Auger and radiative recombination [6].

To measure high bulk lifetimes accurately, it is necessary to have
excellent surface passivation to minimise recombination at the surface.
Dielectric-based surface passivation (see Ref. [7] for a review) can
provide excellent stable passivation, although the passivation process
itself can affect the bulk lifetime due to bulk passivation, external
gettering [8] or thermal effects. These artefacts can often be avoided if
room temperature temporary surface passivation is used instead, and
this has been recently reviewed by Grant and Murphy [9]. Temporary
passivation has traditionally been achieved by immersion of samples in
solutions of acids, halogen-alcohols or benzyl-alcohols, but such liquid-
based methods are not easy to characterise using conventional ap-
proaches. Recently a new class of temporary passivation has been

developed, whereby a thin film is formed when silicon samples are
treated with a superacid-containing solution at room temperature
[2,10]. When the surface pre-treatment and processing are optimised, it
has been shown that the resulting effective surface recombination ve-
locity is below 1 cm/s [2]. Thus, the level of passivation is similar to
some of the best dielectric-schemes, but possible changes in bulk life-
time during the passivation step are avoided due to the low tempera-
tures used. This passivation scheme can therefore be used to measure
true bulk lifetimes resulting from cell processing, as recently done in the
fabrication of interdigitated back contact (IBC) solar cells [11].

The initial work by Bullock et al. examined various superacid so-
lutions finding bis(trifluoromethane)sulfonimide (TFSI) crystals dis-
solved in 1,2-dichloroethane (DCE) to give the best surface passivation
[10]. This composition was taken forward by Grant et al., who opti-
mised the surface pre-treatments, and demonstrated the measurement
of extremely high lifetimes (up to 75ms) in high resistivity silicon [2].
However, there are now good reasons to re-examine the composition of
the ionic solution used in the passivation process. First, DCE is classified
as “possibly carcinogenic to humans” by the World Health Organization
[12] so may be best avoided. Second, by changing the composition of
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the solution it may be possible to improve its long-term stability, and
this may be important in converting what is currently a temporary
passivation scheme into a more permanent one. Third, the mechanism
by which the thin film passivates the silicon surface is not currently
clear, and understanding the effect of varying the solvent may improve
fundamental understanding. This has implications beyond silicon-based
photovoltaics, as TFSI-containing electrolytes are being studied as a
potential way to stabilise silicon-based anodes for lithium ion batteries
[13].

This paper reports the results of an investigation to develop alter-
native ionic solutions for surface passivation, which do not rely on DCE.
A series of experiments is performed to passivate silicon wafer surfaces
with TFSI dissolved in different solvents which have a wide range of
relative polarities. The passivation effects are quantified using carrier
lifetime measurements and the temporal stability is studied taking into
account variables such as solution age and the humidity of sample
storage between measurements. The effective surface recombination
velocity and bulk lifetime are extracted by using a robust method in-
volving variable thickness samples cut from the same high purity ingot.
Finally, we report the results of a series of tests to assess the reprodu-
cibility of the optimal process.

2. Experimental methods

2.1. Samples and surface preparation

Most experiments were performed on quarters of 5Ω cm n-type
(100) orientation 100mm diameter float-zone (FZ) silicon wafers with
an initial thickness of 750 µm. Some experiments were performed on
whole 3Ω cm n-type (100) orientation 100mm diameter FZ silicon
wafers cut with a wide range of thicknesses from the same ingot. Prior
to starting the passivation processes, these 3Ω cm wafers were sub-
jected to a 200 °C anneal for 30min, as this has previously been found
to deactivate bulk defects in FZ silicon [14–16] and for the relevant part
of the study the absolute – rather than relative – lifetime is of interest.
We use relatively large pieces of silicon to minimise edge effects. These
can occur if the passivation film induces an inversion layer in the silicon
so both carrier types can easily travel laterally to the sample's edge as
majority carriers and recombine there [17,18].

All samples were subjected to a rigorous cleaning and surface pre-
paration procedure which was developed in our previous work [2]. For
all processes very high purity (18.2 MΩ) deionized (DI) water was used.
Our standard procedure comprised seven stages, as follows:

1. A dip in 1% HF to remove the native oxide.
2. Standard clean 2 (SC 2), which is sometimes called RCA 2, con-

sisting of H2O, H2O2 (30%), HCl (37%) (5:1:1) for 5min at ~75 °C.
3. A dip in 1% HF to remove the chemical oxide formed during SC 2.
4. An etch in 25% tetramethylammonium hydroxide (TMAH) for

10min at ~80 °C.
5. A dip in 1% HF.

6. An SC 2 clean using the same chemicals as above for 10min at
~75 °C.

7. Immersion in 2% HF for 5 s followed by air drying (no DI water
rinse).

Later in this paper we conduct a series of reproducibility tests on the
variable thickness 3 Ωcm wafers. After the initial complete passivation
cycle and lifetime characterisation, the passivation was removed by
rinsing in DI water then performing steps 1–3 above. The samples were
then subjected to another 200 °C anneal for 30min followed by steps
1–7 above again, with a slight modification so that step 4 is a 30min
TMAH etch instead.

2.2. Preparation and application of surface passivating solutions

Chemicals for passivation were measured and mixed in nitrogen
(N2) purged gloveboxes. To prepare the passivating solution, 100mg of
bis(trifluoromethane)sulfonimide (Sigma-Aldrich, 95%) crystals were
measured out and then dissolved in 50ml of an anhydrous solvent. The
solvents used in this work are given in Table 1. Solvents chosen have a
wide range of relative polarities with values obtained from Ref. [19].
The TFSI crystals generally dissolved in the solvents fairly rapidly, with
the exception of chlorobenzene, hexane, and octane in which the
crystals took several hours or even days to dissolve fully. Solutions were
stored in air-tight glass bottles.

Immediately following their surface pre-treatment, as described
above, silicon samples were transferred into the glovebox which was
purged with N2 to give a relative humidity below 25%. For a given
treatment, a pre-prepared passivating solution was poured into a glass
beaker and a silicon sample was immersed in the solution for about
60 s. The silicon sample was then removed from the passivating solu-
tion and was dried in the N2 ambient of the glovebox. Passivated
samples were then placed in plastic petri dishes and removed from the
glovebox for characterisation.

2.3. Lifetime measurements

Excess carrier lifetime measurements were made using a Sinton
WCT-120 photoconductance (PC) lifetime tester with an 2 cm diameter
coil under transient PC mode. Care was taken always to site samples in
the same place relative to the coil, and lifetimes in full wafer samples
were measured at the wafer centre. Photoluminescence (PL) images
were acquired with a BT Imaging LIS-L1 system to check the homo-
geneity of passivation. PL images were acquired with excitation by
LEDs with a wavelength of 650 nm. To preserve the structural integrity
of the passivating films, lifetime and PL measurements were made with
the samples in the plastic petri dishes. This prevented damage occurring
to the films during handling, and required recalibration of the lifetime
tester to mitigate the effects of the plastic petri dish immediately above
the coil. Unless otherwise stated, samples were subsequently stored in
their petri dishes in the dark with their lids loosely in place between

Table 1
Solvents for TFSI investigated in this study. All solvents are in anhydrous forms. Relative polarities are taken from Ref. [19].

Label Solvent name used Chemical name Formula Relative polarity Supplier (product number) Purity

A Acetone 2-propanone C3H6O 0.355 VWR (83683) 99.9%
B Chlorobenzene Chlorobenzene C6H5Cl 0.188 Sigma Aldrich (284513) 99.8%
C Cyclohexane Cyclohexane C6H12 0.006 Sigma Aldrich (227048) 99.5%
D Dichloroethane (DCE) 1,2-dichloroethane C2H4Cl2 0.327 Sigma Aldrich (284505) 99.8%
E Dioxane 1,4-dioxane C4H8O2 0.164 Sigma Aldrich (296309) 99.8%
F Dichloromethane (DCM) Dichloromethane CH2Cl2 0.309 Alfa Aesar (41835) 99.7%
G Hexane n-hexane C6H14 0.009 Sigma Aldrich (296090) 95%
H Isopropanol (IPA) 2-propanol C3H8O 0.546 Sigma Aldrich (278475) 99.5%
I Octane n-octane C8H18 0.012 Sigma Aldrich (296988) > 99%
J Toluene Toluene C7H8 0.099 Sigma Aldrich (244511) 99.8%
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measurements.
The measured quantity from PC measurements is influenced by

various recombination processes and is hence commonly denoted ‘ef-
fected lifetime’ or ‘measured lifetime’ and is simply denoted ‘lifetime’
for the rest of this paper to distinguish it from bulk lifetime. Errors in
transient lifetimes were taken as ± 5%, guided by a detailed re-
producibility study [20]. Where single values of lifetime are referred to
in this paper they are the values at an average excess carrier con-
centration of 1015 cm−3 unless stated otherwise. This injection density
is prevalent at the maximum power point of high-efficiency cells where
the high lifetimes reported in this paper are most relevant.

3. Results

3.1. Solvent dependence

A series of experiments was performed to passivate silicon wafers
with TFSI dissolved in the different solvents listed in Table 1. Fig. 1
shows the injection-dependent lifetimes measured immediately after
passivation. The dependence of lifetime on excess carrier concentration
is similar in character in all cases, with the exception of TFSI-acetone,
TFSI-cyclohexane and possibly also TFSI-dioxane, with the last of these
giving a much lower lifetime than all the other solvents studied.

Great care was taken to ensure that bulk lifetime variations which
can occur between float-zone wafers within a batch [16] did not in-
fluence the results. This was done by routinely cross-checking quarter
samples taken from the same wafer (hence assumed to have the same
bulk lifetime) with different passivation schemes. For example, the
toluene and acetone results shown in Fig. 1 were acquired from quarters
taken from the same wafer, so we are sure that the different injection-
dependence observed with acetone arises from the passivation and not
from a bulk defect. Other pairs of samples were DCM and DCE, and
chlorobenzene and octane. For other solvents cross-referencing was
made to DCE as this passivation scheme was well understood from our
previous work [2].

The results therefore show that the solvent has a substantial impact
on the level of surface passivation achieved. There is no obvious cor-
relation between lifetime and relative polarity as given in Table 1. For
example, DCE and DCM have high relative polarities, whereas toluene
and hexane have much lower relative polarities, but when used as a
solvent for TFSI the lifetimes measured are similar in all cases. This is
discussed later.

One of the aims of this study is to find an alternative passivation
scheme to the TFSI-DCE system used previously [2,10]. The main

requirement is that the alternative passivation scheme gives similarly
high lifetimes, so the results presented in Fig. 1 reveal TFSI-acetone,
TFSI-hexane, TFSI-toluene and TFSI-DCM as possible candidates. Whilst
TFSI-acetone results in the highest lifetime in low-injection, it also
causes a far stronger injection dependence than the other solvents at
higher injection levels. Additionally, TFSI-acetone and TFSI-toluene
passivation and their solutions are unstable, as shown later, so neither
of these scheme are seen as viable TFSI-DCE alternatives.

If the superacid induces a significant amount of negative charge at
the surface (discussed later), there may exist an inversion layer near the
surface with a sufficiently low sheet resistivity so holes can travel to the
quarter wafer sample's edge as majority carriers and recombine there.
This phenomenon was reported in Ref. [18] to cause a continuous de-
crease in effective lifetime with decreasing injection density in low-
injection. This may be the cause for our observed decrease in effective
lifetime towards Δn = 1013 cm−3.

3.2. Degradation of passivation

A series of experiments was performed to assess the stability of the
passivation achieved by TFSI dissolved in different solvents. The life-
time was measured over a one hour period and the effective lifetime is
plotted as a function of time in Fig. 2, normalised by the starting life-
time. Between measurements the samples were stored in the dark in
their petri dishes loosely covered by a lid. Fig. 2(a) shows the lifetime
arising from TFSI dissolved in solvents shown to have a relatively high
starting lifetime in Fig. 1, and Fig. 2(b) shows the results for the rela-
tively low lifetime cases.

For the relatively high lifetime passivation schemes shown in
Fig. 2(a) the lifetime is relatively stable (i.e. within 10% of the initial
lifetime over 1 h) only for TFSI-toluene and TFSI-hexane. The other
systems are less stable. For the relatively low lifetime cases shown in
Fig. 2(b), TFSI-chlorobenzene and TFSI-cyclohexane exhibit very good
stability (again within 10%), whilst TFSI-IPA, TFSI-octane and TFSI-
dioxane were less stable.

In terms of TFSI-DCE replacement, the stability measurements leave
only TFSI-hexane and TFSI-toluene as the remaining candidates. In
contrast, TFSI-DCM passivation improves significantly with time after
application which is not desirable for a reproducible measurement.
Further to this, it is also desirable to avoid the use of a chlorinated
solvent. We favour TFSI-hexane over TFSI-toluene as it gives slightly
superior bulk lifetimes and longer solution stability as discussed later.

Fig. 1. Initial effective lifetime versus excess carrier density for 5Ω cm n-type
float-zone silicon with a thickness of 740 µm passivated with TFSI dissolved in
different solvents whose properties are given in Table 1. The intrinsic lifetime
limit of Richter et al. [6] is also plotted.

Fig. 2. Effective lifetime at an excess carrier density of 1015 cm−3 normalised
by that of the first measurement versus time since first measurement for 5Ω cm
n-type float-zone silicon with a thickness of 750 µm samples passivated with
TFSI dissolved in different solvents. Graph (a) shows results for the solvents
which give high absolute lifetimes in Fig. 1, and graph (b) shows results for
lower absolute lifetimes.
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For the remainder of this paper we focus on TFSI-hexane based passi-
vation.

3.3. Humidity effects on passivation

Experiments were conducted to establish the influence of storage
humidity on the level of surface passivation achieved as a function of
time. A single float-zone silicon wafer (5Ω cm n-type) was cleaved into
four quarter-wafer samples, which were all passivated with TFSI-
hexane using the established method. The as-passivated lifetimes for
the quarters were all in the interval 13.3 ± 0.1ms, which demon-
strates that the samples’ initial states were identical within experi-
mental error. After passivation, two samples were stored in ambient
laboratory conditions (room relative humidity: 39 ± 2%); one with the
‘lid off’ the petri dish; another with its ‘lid on’. The two other samples
were stored in conditions deliberately engineered to deviate from am-
bient humidity. The “dry” sample was stored in a desiccator containing
silica gel in which the relative humidity was measured to be below
20%. The “wet” sample was stored in a container with an open vessel of
water, for which the relative humidity was measured to be above 70%.
For lifetime measurements samples were removed from their low or
high humidity environments for a short time (typically< 2min for
each measurement).

Fig. 3 shows that the temporal dependence of lifetime varies
strongly according with the storage conditions. The key points are:

• The lifetime in the ‘lid off’ sample reduces considerably more ra-
pidly than in the ‘lid on’ sample. The differences are considerable
after 15min and after ten hours the difference is approximately a
factor of two.

• The sample kept in relatively dry conditions has a stable lifetime for
the first half hour or so, but then starts to decay very rapidly until it
reaches the lowest lifetime for any of the storage conditions.

• The sample stored in relatively wet conditions exhibits a sudden
drop in lifetime in the first fifteen minutes and then decays rela-
tively slowly ending up with a lifetime in between the two ambient
samples.

Possible mechanisms for the differences in behaviour between the
different storage conditions are discussed later.

3.4. Degradation of superacid-containing solutions

As well as the passivation quality degrading with time over time-
scale of a few hours, we have also found the age of the superacid-sol-
vent solution to be an important factor in achieving the optimal pas-
sivation. Chemical reactions have been observed to occur in various
TFSI-solvent systems, as evidenced by a colour change in the solution.
Fig. 4 shows a time series of photographs of small sealed vials of various
TFSI-solvent solutions. Colour changes are observed for acetone, DCE,
dioxane and toluene even in the sealed vials depicted.

One of the main aims of this study is to find a replacement passi-
vating solution for TFSI-DCE. The colours in Fig. 4 show that TFSI-DCE
solutions undergo a chemical reaction in the absence of silicon and thus
it seems likely that this chemical change may affect the quality of
surface passivation. Even though TFSI-hexane, which emerged as the
front-runner in Section 3.2, did not experience a noticeable colour
change it is important to assess its long-term passivation ability. We
therefore performed an experiment to passivate 5 Ωcm FZ silicon
samples with new solutions and solutions which have been stored in air-
tight bottles for 21 days. Results are presented in Fig. 5. After

Fig. 3. The effect of humidity on effective lifetime at an excess carrier density of
1015 cm−3 for four quarters of a 5Ω cm n-type float-zone silicon wafer. Samples
were passivated with TFSI-hexane and were stored under the conditions in-
dicated in the legend. Ambient relative humidity in the laboratory was
39 ± 2%, and the laboratory temperature was 24 ± 1 °C.

Fig. 4. Time series photographs showing vials containing solutions of TFSI in
different solvents. The vials are labelled according to Table 1. Colour changes
are observed for acetone (A), DCE (D), dioxane (E) and toluene (J).
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passivation, these samples were stored in the dark in their petri dishes
loosely covered by a lid between measurements. New solutions of TFSI-
hexane and TFSI-DCE gave initially the same lifetimes within typical
measurement errors [20]. These two solutions left for 21 days in sealed
storage before application gave similarly high initial lifetimes, but de-
graded more strongly, particularly in the case of TFSI-DCE.

3.5. Extraction of bulk lifetime and effective surface recombination velocity

Having established the superiority of the passivation scheme arising
from TFSI-hexane, a set of experiments was conducted to separate the
contributions to effective lifetime arising from surface and bulk effects.
For a symmetrically passivated lowly doped sample with relatively low
surface recombination velocity, the injection-dependent effective life-
time, τeffective, varies according to:

= +

τ τ
S

W
1 1 2

effective bulk (1)

where τbulk is the injection-dependent bulk lifetime, S is the injection-
dependent effective surface recombination velocity, and W is the
sample thickness. By measuring τeffective in a set of samples with variable
W and constant τbulk it is possible to determine both τbulk and S as a
function of excess carrier density using Eq. (1).

A set of 3Ω cm n-type FZ silicon wafers with different thicknesses
were specially sourced from the same ingot for this experiment. These
wafers were not cleaved and were measured whole to minimise edge
effects. The wafers were passivated using the TFSI-hexane solution, and
the best-case effective lifetime data are shown in Fig. 6(a). As expected,
the effective lifetime increases with increasing wafer thickness due to
the reducing influence of the surfaces. Our assumption is that τbulk is
approximately the same in all these wafers, so any change in effective
lifetime is due to differences in surface recombination. Fig. 6(b) shows
plots in accordance with Eq. (1) used to extract S and τbulk at two dif-
ferent excess carrier densities. The fits to the data shown are very good
with R2 values of 0.978 and 0.990 at 1014 cm−3 and 1015 cm−3 in-
jections, respectively. S is extracted as 0.68 ± 0.06 cms−1 and
0.69 ± 0.04 cms−1 for 1014 cm−3 and 1015 cm−3 injections, respec-
tively, and τbulk is 41 ± 2ms and 34 ± 2ms, respectively. Eq. (1) is
used at each level of averaged injection to extract the τbulk as a function
of excess carrier density and this is also plotted in Fig. 6(a). Fig. 6(c)
shows an uncalibrated photoluminescence image of the thinnest wafer
characterised when 179 µm thick, which demonstrates the passivation
is uniform across the wafer, and that there are no unusual bulk lifetime
features in the samples studied, such as concentric ring-like features

which are sometimes observed in silicon lifetime images.

3.6. Reproducibility

An important issue for any temporary surface passivation scheme is
the extent to which it is reproducible. A series of reproducibility tests
was conducted using TFSI-hexane on the variable thickness 3Ω cm n-
type FZ silicon wafers from the same ingot. The tests are referred to as
Tests 1–5, with Test 4 giving the best case results which have already
been presented in Fig. 6. Fig. 7(a) shows the key results of the re-
producibility experiments, with the reciprocal lifetime (at 1015 cm−3

injection) plotted as a function of the reciprocal wafer thickness ac-
cording to Eq. (1). As each passivation step involved a chemical etch, it
is noted that the samples become thinner each time they are tested.

One notable outlying point in Fig. 7(a) is Test 3 for the thickest
sample tested (marked with an open green triangle), for which the
lifetime is substantially lower than might be expected. The PL images
shown in Fig. 7(b) shows why this is the case, with the centre of the
wafer where the photoconductance lifetime measurement is made be-
coming damaged between Test 2 and Test 3, and recovering again for
Test 4. PL images for other possible outliers in Fig. 7(a), such as Test 2
for the thinnest sample, were also inspected, but no significant marks
were found in other cases. The possible origins of non-reproducibility
are discussed later.

In a more detailed analysis, 1/τbulk in Eq. (1) is fitted with Shockley-
Read-Hall (SRH) theory, the Auger lifetime [6] and the radiative

Fig. 5. A comparison of the time stability of TFSI-hexane and TFSI-DCE solu-
tions in the fresh state and after 21 days of sealed storage. The effective lifetime
at an excess carrier density of 1015 cm−3 at each time step was normalised by
that of the first measurement.

Fig. 6. (a) Effective lifetime measured in whole 100mm diameter 3Ω cm n-
type FZ-Si wafers with different thicknesses from same ingot passivated with
TFSI-hexane using the best case results (Test 4). Also shown are the current
intrinsic lifetime limit [6] and the bulk lifetime extracted using Eq. (1) as a
function of injection. (b) Plot used to extract surface recombination velocity
and bulk lifetime from the data in (a). (c) Uncalibrated photoluminescence
image of the passivated 179 µm thick 100mm diameter wafer to show the
uniformity.
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lifetime [21,22] as 1/τSRH+1/τAuger+ 1/τradiative, in the whole mea-
sured injection range of Tests 1–5 and all wafer thicknesses. The overall
residuals are smallest if the hole lifetime is chosen for all wafers as τp
= 0.035 s, but if τp is left free during the fitting procedure it only de-
viates by a small amount from 0.035 s. As the samples were not mea-
sured at injection densities exceeding about 2× 1015 cm−3, the elec-
tron lifetime, τn, does not influence the fitting result as much as τp with
τn between 0.01 s and 0.02 s giving good fitting results with the defect
energy in the mid gap. The two thinnest wafers are most sensitive to the
surface passivation quality, and their resulting S values are plotted in
Fig. 8. The analysis shown in Fig. 7(a) yielded S =0.82 ± 0.08 cm s−1

at an injection density of 1×1015 cm−3, and this range indeed com-
prises about two thirds of all S values of Fig. 8, as is expected from
Gaussian error analysis.

We fitted the S curves in Fig. 8 with Equation 3 of Ref. [23] and
obtained the best fit near a fixed surface charge density of Qf

=−7×1010 q/cm2 as denoted by the curves on the plot. The medium
curve is obtained using a surface recombination velocity for electrons of
Sn = 4.5 cm s−1. The high and low curves have Sn values of 6.5 and
3 cm s−1, respectively. For Qf > −6×1010 q/cm2, S increases sharply
towards lower injection densities because no inversion is obtained
anymore, while at Qf < −1×1011 q/cm2 and at positive Qf values, S
increases more pronouncedly at higher injection densities. We do not
expect our fitting procedure to be a very reliable means to determine Qf

and therefore take Qf =−7×1010 q/cm2 as a mere indication. The
negative value of Qf is, however, also compatible with the decreasing
lifetimes in Fig. 1 towards lower excess carrier densities.

4. Discussion

4.1. Level of surface passivation

In general surface passivation arises from two possible mechanisms,
which are chemical passivation (i.e. termination of dangling bonds) and
field effect passivation whereby carriers are repelled away from the
surface by the presence of a charge. It is possible to relate the effective
surface recombination velocity, S, to the unpassivated state density, N ,
according to =S σv Nth , where σ is the capture cross-section and vth is
the thermal velocity of carriers. Taking a typical value of σ as 10−15

cm2 and vth as 107 cm s−1 with our best case S of around 0.7 cm s−1 for
TFSI-hexane (Fig. 6), gives N as low as 7×107 cm−2. This would be
about 3–4 orders of magnitude lower than typical Al2O3, SiO2 and
Al2O3/SiNx stack passivation [24–26]. However, this estimation as-
sumes that there is zero interface charge and it is noted that for such
low unpassivated state densities that a small amount of charge can have
a huge impact on the level of surface passivation. Based on these as-
sumptions, with our best passivation, the unpassivated dangling bonds
would be separated by around 1.2 µm. Assuming Sn =4.5 cm s−1 from
the fitting procedure underpinning Fig. 8, gives N as 4.5×108 cm−2,
which is a separation of around 470 nm.

We do not consider it likely that the TFSI molecule itself passivates
the silicon surface. Dangling bonds at the surface of silicon are sepa-
rated by a lattice constant (5.431 Å) or less and the TFSI molecule is
much larger than this and so is unlikely to give the ultra-low levels of
unpassivated dangling bond densities we infer. Also, TFSI is likely to
exist as a negatively charged anion which will be repelled away from
any negatively charged dangling bonds. It seems most likely that the
TFSI molecule breaks up and its constituents passivate the silicon sur-
face, although it could still be possible that a large part of the molecule
attaches itself to the surface vertically. Finally, it is noted that the ef-
fective surface recombination velocities achieved with TFSI-based
passivation are similar to those achieved by HF immersion passivation,
in which passivation is known to arise from hydrogen termination of
dangling bonds [27]. It is however possible that other species (such as H
or CF3) are responsible for the passivation and this remains under in-
vestigation.

4.2. Solvent effects

Results presented in Fig. 1 and in the initial study by Bullock et al.

Fig. 7. Results of a reproducibility study on whole 100mm diameter 3Ω cm n-
type FZ-Si wafers with different thicknesses from the same ingot passivated
with TFSI-hexane. Lifetimes are extracted at 1015 cm−3 injection. (a) Plot in
accordance with Eq. (1) to determine the effective surface recombination ve-
locity and bulk lifetime. The open data point from Test 3 was excluded from the
fit due to process-induced surface damage. (b) Selected uncalibrated PL images
of the thickest sample for Tests 2–4, showing that surface damage during
processing during Test 3 is removed by etching as part of Test 4.

Fig. 8. Modelled effective surface recombination velocity (S) versus excess
carrier density for whole 100mm diameter 3Ω cm n-type FZ-Si wafers from
same ingot passivated with TFSI-hexane. Data are shown for the two thinnest
wafers for Tests 1–5 (except Test 4 for the second thinnest sample) with the
thinnest wafer being denoted with closed symbols and the next thinnest wafer
denoted with open symbols. For these calculations Qf =−7×1010 q cm−2 and
three scenarios with different Sn values are shown, as described in the text.
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[10] show that the choice of solvent for TFSI can have a strong impact
on the level of surface passivation achieved. Our work shows that there
is no obvious correlation with the relative polarity of the solvent used
(given in Table 1), with samples with high relative polarities (e.g. DCE,
DCM) giving similar lifetimes to those with low relative polarities (e.g.
hexane, toluene).

The mechanism by which the solvent influences the level of passi-
vation is the subject of further study. There seems to be at least two
ways in which it is possible for the solvent to affect the passivation.
First, the solvent could be incorporated into the thin film which forms
on the surface of the silicon. Second, the different solvents could change
the pathway in which TFSI breaks apart and hence a variety of species
could be responsible for the surface passivation in each case.

In general, passivation achieved with TFSI dissolved in oxygen-
containing solvents (acetone, dioxane and IPA) degrades faster than
with oxygen-free solvents (Fig. 2). It could be the case that the solvent,
or some of its constituent atoms, are contained in the thin film which
forms on the silicon surface, or it could be that the TFSI molecule breaks
up via specific routes depending on how it binds to the solvent. Fur-
thermore, the injection dependence with acetone is different to the
other solvents and is similar to that observed for acetonitrile (relative
polarity 0.460 [19]) in the work of Bullock et al. [10]. These solvents
contain oxygen and nitrogen, respectively, and so it is possible that
these atoms are incorporated into the passivating thin film or influence
the TFSI break up in some way. The different injection dependences
suggest that the films which form with acetone and acetonitrile have
different in-built charge densities to the other films, and this therefore
could result in a field effect modifying the effective surface passivation.

The colour changes observed in Fig. 4 are evidence of reactions
happening between the solvent and TFSI and this is not surprising given
the plethora of acid catalysed organic reactions that exist. In the sim-
plest case with acetone, it is likely that self-condensation or cross-
condensation [28] has occurred here. Further to this, recent studies
have shown that more complex reactions can take place when DCE [29]
and toluene [30,31] react with a variety of superacids. Characterisation
of these solutions would need to be done to identify the products cre-
ated and these solvents are probably unsuitable for passivation of si-
licon as these side reactions may hinder the passivation mechanism.
Moreover, to ensure the passivation would be reproducible, a new so-
lution would have to be made each time and this would be wasteful and
expensive.

The solution aging results (Fig. 5) indicate that better results are
achieved with new solutions for both TFSI-DCE and TFSI-hexane. Both
new solutions initially provide similar levels of surface passivation,
however after ~1 h, there is a distinct deviation between the two. This
would only occur if the films slightly differ in either their composition
or charge state, which stem directly from the solvent, as this is the only
variable. We thus infer that the solvent plays a role in both the passi-
vation level and stability of the film, and this is supported by Fig. 1. It
could be that the degradation rate is determined by water moisture
contamination of the passivating solutions. At 25 °C the solubility of
water in DCE is 0.1262M [32], whereas in hexane it has a much lower
value of 0.00362M [33]. This could mean more water would be in-
corporated into the film in the DCE case and so this could explain dif-
ferences. For 21 day old solutions, TFSI-DCE is much worse than a new
solution, while the passivation arising from the old TFSI-hexane solu-
tion shows only slightly worse degradation than its new solution. From
Fig. 4, it is evident that TFSI-DCE undergoes some self-reaction and this
could explain the increased degradation with the older solution.

4.3. Atmospheric humidity issues

The results shown in Fig. 3 show that the surface passivation de-
gradation behaviour of TFSI-hexane is dependent on the conditions
under which the sample is stored. Setting aside the ambient lid on case
initially, the wet, ambient lid off and dry cases occur in order of

decreasing relative humidity (> 70%, 39% and<20%, respectively),
and their passivation degradation rates are also in order with the least
degradation occurring in the most humid case. This therefore suggests
that the presence of some moisture in the environment is beneficial for
retaining the surface passivation effect. In a dry environment there is a
driving force for evaporation from the passivating film and the removal
of moisture from the film – whose composition is as yet unknown –
could reduce the level of passivation. It is noted that the dry case in
Fig. 3 appears to plateau after 4 h. This could be due to equilibrium
being established between the film and environment, which would
appear to support the idea of drying out of the passivating film. In a wet
environment there is less of a driving force for evaporation from the
passivating film and it might even be that water from the environment
becomes absorbed into the passivating film, effectively diluting the
chemical passivation effect. This dilution effect is supported by the
TFSI-DCE study of Bullock et al. who found adding water to the pas-
sivating solution decreases the level of surface passivation [10].

The most stable behaviour is achieved under normal laboratory
conditions with the lid kept on the sample. In this case the local en-
vironment beneath the lid and the passivation film can be approxi-
mated as a closed system. No additional water can access the film to
dilute the passivation. Any degradation which does occur in the lid on
sample could occur when the lid is removed for lifetime measurement
purposes and also could be due to any leaks which occur due to the
relatively loose attachment of the lid. More experimental work is cur-
rently underway to understand the humidity effects further, which will
only be fully understood when the detailed chemical compositions of
the films are known.

4.4. Measurement of long lifetimes

Various studies have recently measured or inferred bulk lifetimes
exceeding the Richter et al. intrinsic so-called limit [6]. Many are in n-
type silicon and are for resistivities of 0.47Ω cm [1], 1 Ωcm [2,4,5] and
1.4Ω cm [3]. The methodology used in this paper based on using
variable thickness wafers from the same ingot is rarely used in passi-
vation studies. As such, we believe our results in Fig. 6 are extremely
robust. We do not exceed the limit of Richter et al. with 3Ω cm n-type
material, so our study provides no evidence for the existing intrinsic
limit being conservative at this resistivity. The methodology used here,
with variable thickness wafers from the same ingot, would provide an
excellent way of re-parameterising the intrinsic lifetime limit of silicon
for low resistivity material, but currently no suitable sample set is
available to us.

4.5. Using superacid-derived surface passivation for reproducible
characterisation in process development

The TFSI-DCE passivation scheme developed in previous studies
[2,10] has been demonstrated to be effective at understanding the
origin of efficiency degradation of IBC cells [11] and also for separating
bulk and surface passivation effects in light induced degradation in-
vestigations [34,35]. However, the work presented in this paper has
shown TFSI-hexane to be superior to TFSI-DCE in many ways, including
giving marginally higher lifetimes (Fig. 1), better passivation stability
over 1–3 h (Figs. 2 and 5), and better solution longevity (Fig. 5). TFSI-
DCE has been observed to undergo a colour change suggesting a reac-
tion is occurring in the solution (Fig. 4). These factors, combined with
the knowledge that DCE is “possibly carcinogenic to humans” [12],
means that we now advocate the use of TFSI-hexane for the purposes of
measuring high bulk lifetimes.

Regardless of the choice of superacid-containing passivation solu-
tion, there are many subtleties which need to be understood to use such
a passivation scheme in cell process development. In setting up such a
passivation scheme it is first important to realise that substantial dif-
ferences in bulk lifetime can occur in as-received wafers (even high
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purity FZ ones). We have previously shown substantial wafer-to-wafer
variation can be found within a box of wafers from the same supplier
[16]. To use this, or any other, passivation technique in high lifetime
process development it is therefore usually necessary to subject all
wafers to a pre-anneal to homogenise the lifetime. A high temperature
pre-anneal at approximately 1000 °C usually prevents the re-formation
of defects later during future cell processes [15,16], and a low tem-
perature anneal at about 200 °C [14] (as used for the results presented
in Figs. 6 and 7) can annihilate recombination centres temporarily with
the risk that they will be re-formed during subsequent thermal pro-
cessing. We have found that the lower temperature anneal is a practical
solution in the laboratory as it does not need to be performed in very
clean conditions.

We have shown that superacid-derived passivation can be used
reasonably reproducibly, but, as with any passivation scheme (in-
cluding dielectric layers deposited by plasma enhanced chemical va-
pour deposition or atomic layer deposition), minor problems with
surface preparation can strongly influence the results achieved. We note
that in Fig. 7(b) the thickest sample became damaged at some point
between Test 2 and Test 3. The photoconductance lifetime measured in
this sample was still very high (14.3 ms), but the PL imaging reveals
scratches in the central area of the wafer, which we believe are very
shallow and are introduced during handling of the whole wafer during
the HF dip stage immediately prior to passivation. Other points in
Fig. 7(a), such as Test 2 for the thinnest sample, show deviation from
the expected trend but no damage was found in the PL images (not
shown). In this case we suspect the variation arose due to a minor issue
with the cleaning procedure. The best results were achieved in Test 4
for which a brand new TMAH solution was used, but this may be co-
incidental.

5. Conclusions

A systematic study was performed into the surface passivation of n-
type silicon samples treated with TFSI solutions made with various
anhydrous solvents. All solutions investigated passivated the surface to
some extent, and the passivation quality was not found to correlate with
the relative polarity of the solvent. Excellent initial surface passivation
was achieved with several solvents, including hexane, DCE, toluene and
DCM. TFSI solutions made with DCE and toluene are however unstable
as evidenced by colour changes, and, whilst DCM gives good results, the
use of a chlorinated solvent is undesirable. TFSI-hexane gives better
surface passivation than TFSI-DCE used previously and provides better
passivation stability and solution longevity. Hexane is also arguably
safer than DCE, which is possibly carcinogenic, so it is concluded that
TFSI-hexane is a better solution to use for superacid immersion passi-
vation of silicon than TFSI-DCE used previously.

A series of investigations was performed into the TFSI-hexane pas-
sivation scheme. The stability of the passivation was strongly influ-
enced by the storage humidity of the sample after passivation. The
passivation was most stable when the samples are kept in a petri dish
with the lid on. Further investigations are required to understand the
composition of the passivating thin films on the silicon surface. TFSI-
hexane passivation was applied to a set of FZ silicon wafers cut with
different thicknesses from the same ingot. This enabled the extraction of
the bulk lifetime and surface recombination velocity. The best case
effective surface recombination velocity was 0.69 ± 0.04 cm s−1. A
series of five tests was performed on the same sample set, thus de-
monstrating the reproducibility of the scheme.

In summary, a superacid immersion treatment has been developed
which consistently provides a very low surface recombination velocity
with minimal test-to-test variation. This is an important step towards
giving researchers the ability to determine the bulk lifetime accurately
with good reliability and to ascertain the surface passivation quality of
their desired passivation schemes, especially as cell efficiencies become
more sensitive to surface and bulk recombination effects.
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