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Temporary Surface Passivation for Characterisation of

Bulk Defects in Silicon: A Review

Nicholas E. Grant* and John D. Murphy*

Accurate measurements of the bulk minority carrier lifetime in high-quality

silicon materials is challenging due to the influence of surface recombination.

Conventional surface passivation processes such as thermal oxidation or
dielectric deposition often modify the bulk lifetime significantly before
measurement. Temporary surface passivation processes at room or very low
temperatures enable a more accurate measurement of the true bulk lifetime,
as they limit thermal reconfiguration of bulk defects and minimize bulk
hydrogenation. In this article we review the state-of-the-art for temporary
passivation schemes, including liquid immersion passivation based upon
acids, halogen-alcohols and benzyl-alcohols, and thin film passivation usually
based on organic substances. We highlight how exceptional surface passiv-
ation (surface recombination velocity below 1cms™') can be achieved by
some types of temporary passivation. From an extensive review of available
data in the literature, we find p-type silicon can be best passivated by
hydrofluoric acid containing solutions, with superacid-based thin films
showing a slight superiority in the n-type case. We review the practical
considerations associated with temporary passivation, including sample
cleaning, passivation activation, and stability. We highlight examples of how
temporary passivation can assist in the development of improved silicon
materials for photovoltaic applications, and provide an outlook for the future
of the field.

1. Introduction

The minority carrier lifetime (henceforth referred to as just
“lifetime”) is a key figure of merit in the development of silicon
wafers for use in photovoltaics or for integrated circuits (ICs).

such high lifetimes reproducibility, with
minimal influence from recombination at
the sample surfaces. Thermal oxides and
deposited dielectrics can provide excellent
surface passivation, but their growth can
modify the bulk properties of the material
under investigation.

It has long been known that exceptional
surface passivation can be achieved by
immersing semiconductor samples in
hydrofluoric acid (HF),!" and techniques
which used this, such as the electrolytic
metal tracer (ELYMAT),””! were invaluable
in the development of high purity silicon
for ICs in the late 1980s and early 1990s.
Since then a range of alternative liquid
passivation schemes has emerged, and
many of these are used in laboratories
worldwide to characterize materials by
what are now standard techniques includ-
ing injection-dependent photoconductance
lifetime measurements,”! microwave pho-
toconductance decay,” and photolumines-
cence (PL) imaging.[! Recently a range of
temporary thin film passivation schemes
has been discovered and these offer
improved compatibility with established
characterisation methods. This article aims
to review the literature on temporary
surface passivation of silicon. The primary
focus is on junction-less substrates for

photovoltaic applications, but much of the article is equally
applicable to IC wafers.
The effectiveness of passivation is usually measured by a

The highest efficiency silicon solar cells, for example, now
require silicon substrates with lifetimes well into the millisecond
range. To develop device processes it is necessary to measure
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surface recombination velocity (S) which depends on the doping
type, doping level, and excess minority carrier density. McIntosh
and Black have demonstrated that the surface saturation current
density (Jos) is often superior to S as a passivation metric,”’ but
unfortunately it is often impossible to calculate Jos retrospec-
tively from reports of temporary passivation in the literature. In
this review we therefore use the definition of S which assumes
that both sides are equally well passivated and a relatively low S,
which is:

W/l 1
¥
2 \Teff  Thulk

where W is the sample thickness, 7. is the measured effective
lifetime, and T, is the true bulk lifetime. Some passivation
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studies assume infinite bulk lifetime, in which cases the value of
S should be regarded as an upper limit.

The motivation for high quality surface passivation in
accurate bulk lifetime determination is illustrated by Figure 1,
which shows the impact of varying S on 7eg for given 7y, values.
If 7 is to be within 10% of Ty, S must be reduced below
1ems™! for Ty >2 ms and if Teg is to be within 20% of Ty, S
must be reduced below 1cms™! for >3 ms. Excellent
surface passivation is therefore required for the accurate
measurement of bulk lifetimes, particularly in the context of
high efficiency solar cells which now require substrate lifetimes
>10ms for optimum performance.

This review will first describe the motivation for temporary
passivation schemes, before briefly describing the physics of
surface passivation. A range of temporary passivation schemes
will be reviewed, and processing and practical issues will be
discussed for each. Applications of temporary surface passiv-
ation will be reviewed and the outlook for the field will be
commented upon.

2. Motivation for Temporary Passivation

Very good surface passivation can be achieved by thermal
oxidation, a process which usually takes place >800°C.
Advanced oxidation processes, such as “alnealing”, can give
S below 1cm s~ Over the past decade or so there have been
considerable advances in surface passivation by deposited
dielectric films (such as SiN,, Al,O3;, and a-Si) by growth
techniques such as plasma enhanced chemical vapor deposi-
tion (PECVD) or atomic layer deposition (ALD), which occur at
much lower temperatures than thermal oxidation. Dielectric
passivation has been reviewed previously (e.g., Ref.”! for a
general review, Ref.l!9 for ALO;, and Ref™V for SiNy).
Excellent surface recombination velocities (often of order
Tcms™' or better) can be achieved with single materials.
Charge modification (e.g., by corona charging) can be used to

10" 5 —————— ————
3 === 7 within 10% of z,
f«;; ~50 ms - = =1, within 20% of 7, ,
O g2
g 107+
g
[
2
©
3
L 10
L
10* — | ——
0.1 1 10

S (cm/s)

Figure 1. S versus effective lifetime (tef) for material with a 1, of
1-50 ms and wafer thickness of 200 um. The red dashed line represents a
T Within 10% of T, and the blue dotted line represents a tegwithin 20%
of Thulke
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improve the properties of as-deposited dielectrics. Even better
passivation can be achieved with stacks of materials.'2*?
Whilst improvements in passivation have resulted in better
photovoltaic devices, use of state-of-the art passivation processes can
cause confusion when trying to understand defect physics and the
true bulk lifetime in device process development. The starting bulk
lifetime can change (positively or negatively depending on details)
during the passivation process, both due to defect re-configuration
and because the wafer bulk is not a closed system. For example, high
temperature treatments used for thermal oxidations can affect the
distribution of bulk oxygen in Czochralski silicon, and may,
depending on the details, create oxygen-containing precipitates
(which reduce lifetime!"*) or dissolve nuclei. Lower temperature
(2250 to 450 °C) processes to deposit dielectric films can impact on
the bulk lifetime in atleast three ways. Firstly, annealing can activate
bulk recombination centres — even in high purity float-zone
silicon.'>'%, Secondly, although not directly proven to our
knowledge at these temperatures, various authors have provided
evidence to suggest that hydrogen diffuses into the bulk from the
dielectric layers,"”*® and hydrogen has the potential to affect bulk

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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lifetime by interacting with other defects.™ Thirdly, impurities such
as iron have been shown to be highly soluble in dielectrics such as
SiN, 22U and can be gettered to the Al,O;-Si interface? and thus
sufficiently mobile metallic impurities can be potentially removed
from the bulk during the passivation step.

Temporary surface passivation helps fulfil a need to measure
representative bulk lifetimes with reduced influence from
recombination at the sample surfaces. It is also the case that
systems to deposit state-of-the-art dielectrics are expensive, so
temporary passivation can be used as a low cost alternative in
companies and laboratories without access to such tools.

3. Energy Levels at the Silicon—Electrolyte
Interface and the Influence of lllumination

In general, silicon—electrolyte interfaces behave similar to
silicon—-metal interfaces. Therefore, under thermal equilibrium,
the Fermi levels Er in each material must balance. For this to
occur, electrons flow from the material with an energetically
higher E to the material with a lower Ep. This results in band-
bending at the silicon surface and, in general, a space charge
region. For electrolytic solutions, the corresponding “Fermi
level” is governed by the ions in the solution and is thus
characterised by the redox potential Eieqox, SO Er= Eregox. The
redox potential can be described by a solution’s (or a species’)
tendency to either accept or donate electrons, and can thus be
varied depending on the composition of the solution and its
pH.! Figure 2 depicts the energetics when an n-type silicon
wafer is brought into contact with an electrolyte. In this case, the
redox potential of the solution is below the silicon Fermi level E
and therefore electrons are transferred from the silicon to the
solution, resulting in upward bending of the bands at the silicon
surface and the formation of a space charge region. On the
solution side of the interface, the reciprocal charge is reflected by
ions attracted to the interface, and is known as the Helmholtz
layer, and is typically 3 A thick (not shown).”>** If the electrolyte
is relatively concentrated (>0.1M), then all of the reciprocal
charge is made up in the Helmholtz layer. In some cases
however the charge distribution extends beyond the Helmholtz
layer into the bulk solution which is made up of excess ions of
one sign and is known as the Gouy-Chapman layer.**!

Ecs and Eys in Figure 2 correspond to the conduction and
valence band edges in silicon, while E,, and E,.q correspond to

hv
EOX
A ———
E Fs Eredox
oxidation
E Vs E red
n-type Silicon Electrolyte

Figure 2. Energy level diagram of an n-type silicon wafer in contact with
an electrolytic solution under illumination.
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the most probable energy levels for the oxidizing and reducing
species respectively. In this regard, oxidising refers to a species
that donates or “gives up” electrons while reducing refers to a
species which accepts or “gains” electrons. E,eq0y is thus given by
Eredox = Y2(Eox + Ered). In liquid electrolytes, these energy levels
are often better represented by a Gaussian distribution because
the energy of the ions tend to fluctuate because the dipoles of the
molecules surrounding the ions move to/away and rotate around
them causing thermal fluctuations in the polarisation.”**! For n-
and p-type silicon immersed in the same electrolyte, the level of
surface passivation may differ, as reactions which promote
bonding with the silicon surface might be carrier selective.

When the silicon—electrolyte interface is illuminated, elec-
tron-hole pairs are generated in the silicon material when
hv>1.12eV at room temperature. In the case of Figure 2,
illumination will result in a hole diffusing to the silicon—
electrolyte interface due to the space charge region, which can
then oxidize a species at the surface (shown on diagram). For
cases where the space charge region is replaced by an
accumulation layer, an electron will diffuse to the surface and
reduce a species at the surface. Thus it is clear that illumination
can influence the chemical reactions at the silicon—electrolyte
interface and this may aid or hinder surface passivation.

In general, it is possible to measure band-bending at the
silicon—electrolyte interface using electrochemical based techni-
ques.*>2%1 By this method a potential difference is applied across
a silicon wafer and counter electrode immersed in an electrolytic
solution (e.g., HF). By varying the potential, information
regarding space charge capacitance can be inferred, and the
resulting band bending can be determined. In contrast, band-
bending at the silicon—thin film interface can be measured using
surface voltage and Kelvin probe techniques.*”!

4. Types of Temporary Surface Passivation

We have chosen to group all temporary passivation schemes into
five types. The first three types (acids, halogen-alcohols and
benzyl-alcohols) can be grouped together as “liquid immersion”
passivation schemes as they involve placing the sample in a
passivating solution. Notable liquid immersion passivation
results are summarised in Table 1. We call the fourth type
“thin film” passivation and summarize the key results for this
type in Table 2. The fifth type we call “other” and the key results
are summarised in Table 3. To enable a rapid comparison,
Figure 3 plots the upper limit surface recombination velocity of
significant temporary surface passivation studies as a function of
doping concentration for n- and p-type silicon. The colored
ellipses are guides to the eye and represent the broad range of S
achieved for that particular passivation scheme. The five
passivation types are now discussed in turn.

4.1. Liquid Acids

4.1.1. Overview

Hydrofluoric acid (HF) is particularly effective at providing
temporary surface passivation of silicon surfaces. A standard

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Summary of significant temporary “liquid immersion” passivation studies from the literature. Samples were (100)-orientation unless

stated. Highlighted studies have S<1cms™".

Type Variant Chemicals Growth Type Resistivity [Q cm] Teff Max [ms] W [um] Semax [cMs™] Ref.
Acid HF HF (20%) Fz n 1 2 400 27 28]
HF (20%) Fz n 5 10 700 238 28]

HF (20%) Fz p 1 0.222 400 <10 [57]

HF (20%) Fz p >1000 50 500 0.7 28]

HF (40%) Fz p 038 038 300 438 28]

HF (48%) FZ (117) n 4000-6000 22 500 il 35]

HF (48%) Fz p 2 2.460 2700 1 B3]

HF (48%) FZ (111) 150 40 250 0.25 0

HF (48%) Fz 150 5 250 0.4 0

HF (48%) Cz p 2.9 525 2.8° 132]

HF (48%) FZ (textured) p 18 300 1.9%° 132]

BHF FZ (117) n 4000-6000 3 500 8.3 [35]

HF-HCl HF (15%)-HCl Fz n 1 3.09 137 06 6]
HF(15%)-Hcl FZ n 15 5.874 200 178 [15]

HF(15%)-HCl FZ n 5 9.689 150 0.77% [15]

HF (15%)-HCl Fz n 100 17.45 400 1.15° [6]

HF (15%)-HCl Fz p 1 1.12 207 0.63 [16]

HF (15%)-HCl Fz p 2 4307 300 3.48° [15]

HF(15%)-HCl FZ p >100 17.23 300 0.87° [s]
Halogen-alcohol I-E I-E (0.03 M) Cz n 6.7 1.82 1190 <5.5 [42]
I-E (0.08 M) Cz n 1.7-13 0.974 180 5.2 [44]

I-E (0.08 M) n 1-10 0.9 500 28° [52]

I-E (0.08 M) FZ n 100 272 430 7.9 [43]

I-E (0.08 M) Fz p 05 0.02 16 404 [43]

I-E (0.08 M) Fz p 1 0.293 290 495 [43]

I-E (0.08 M) Cz p 1.7-13 0.363 180 15.8 [44]

I-E (0.08 M) Fz p 25 0.555 194 17.5 [43]

I-E (0.08 M) Fz p 10 1.55 298 9.6 [43]

I-E (0.08 M) Fz p 100 1.70 279 8.2 [43]

I-E (0.08 M) FZ p 200 6 220 1.8 53]

I-E (0.08 M) Fz p 1000 2.50 280 5.6 [43]

I-E FZ (117 n 25 200 <10 4]

1-E (0.1 M) Fz n 8-12 10 350 1.8° [46]

I-E (0.1 M) FZ(111) n 30 20 350 0.9° [46]

I-M I-M (0.001 M) FZ n 1.2 1.53 300 10 [54]
I-M (0.001 M) FZ p 3 2.08 300 7 [54]

I-M (0.001 M) Fz p 22 3.245 2700 <0.75 B3]

Br Br-M FZ n 2.6-3.4 200 20 [37]
Br Br-E (0.08 M) Fz p 5 0.170 650 >100 [45]
Benzyl-alcohol QHY-E QHY-E (0.01 M) FZ p 5 0.6 650 547 [55]
QHY-E (0.01 M) FZ p 150 4.1 400 4.6 [56]

QHY-M QHY-M (0.01 M) Cz n 1 0.673 170 126 [57]
QHY-M (0.01 M) Cz n 3 1.36 280 102 157]

QHY-M (0.01 M) Fz n 100 33 460 7 58]

QHY-M (0.01 M) FZ p 2 11 280 13 58]

QHY-M (0.01 M) Fz P 5 0.7 650 46° 55]

QHY-M (0.01 M) FZ p 150 45 380 42 55]

QHY-M (0.07 M) FZ p 200 8.5 220 1.3 53]

BQ-M BQ-M (0.1 M) Fz n 25 3.25 500 8 [59]
BQ-M (0.1 M) Fz p 10000 19 525 14° 159]

HQ-M HQ-M (0.1 M) FZ n 25 0.61 500 4712 [59]
HQ-M (0.1 M) Fz p 10000 0.85 525 31° 159]

#Maximum S (assume infinite bulk) determined from lifetime data and material parameters.
Y Surface area corrected S (Smax/1.73).
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Table 2. Summary of significant temporary “thin film” passivation studies from the literature. Samples were (100)-orientation unless stated.

Highlighted studies have S<Tcms™".

Variant Chemicals Growth Type Resistivity [Q cm] Tef Max [ms) W [um] Senax [cM's™] Ref.

Superacid TFSI-DCE (2mgml ™) FZ n 1 2.5 250 3 [61]

TFSI-DCE (2mgml™") FZ p 0.8 0.7 300 13° 161]
TFSI-DCE (2mgml~") FZ p 1 1.7 200 2.7 162]

Organic Polystyrenesulfonate

Polystyrenesulfonate FZ p 1-5 2.05 280 7* [63]

PEDOT:PSS Fz p 150 33 300 4.5° [64]

PEDOT:PSS Fz p 150 2.5 300 6° [65]

Methyl 10-undecenoate FZ p 1-2 0.13 375 125° [66]

Polymer poly(tetrafluoroethylene) FZ p 0.5 250 90 [67]
poly(tetrafluoroethylene) FZ p 1.25 250 50 [67]
poly(tetrafluoroethylene) FZ p 17 250 30 [67]

#Maximum S determined from lifetime data and material parameters.
b Not included in Figure 3.

Table 3. Summary of significant temporary “other” passivation studies from the literature. Samples were (100)-orientation unless stated.

Highlighted studies have S<1cms™".

Type Variant Chemicals/process Growth Type Resistivity [Q cm] Tef Max [ms) W [um] Semax [cms™ ] Ref.
Other® Photoresist S1818 -+ Corona Charge Fz n 1 0.387 315 40 [82]
$1818 + Corona Charge Fz p 13 0.2 295 69 [82]

S1818 + Corona Charge Fz p 35 0.402 305 37 [82]

S1818 + Corona Charge Fz p 21 0.353 380 54 [82]

Alkylation Chlorination/Methylated FZ (111) 3800 0.29 190 21 [77]
Chlorination/Octylated Fz (111) 3800 0.30 190 21 [77]

Chlorination/Methyl FzZ (111) n 4000 0.23 250 44 [78]

Chlorination/Ethyl FZ (117) n 4000 0.18 250 60 78]

Chlorination/Iso-propyl Fz (111) n 4000 0.20 250 60 [78]

Chlorination/Tert-butyl FZ (111) n 4000 0.16 250 ) 78]

Chlorination/Phenyl FZ (111) n 4000 0.20 250 60 78]

CH; Fz (111) 20000-40 000 300 40 [79]

Others NH,4F (40%) Fz (117) n 4000-6000 25 500 10 [35]

H,S0, (96-100%) FZ (117) 3800 0.80 190 12 177]

H3PO, FZ (117) 15 0]

#Not included in Figure 3.
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Figure 3. Upper limit surface recombination velocity of significant temporary passivation techniques plotted against doping concentration for p- (left)
and n-type (right) silicon. The various ellipses correspond to each passivation type and represent the broad range of S reported for that particular
method. Results from our “other” category (Section 4.5) are excluded due to limited data.

procedure is to immerse silicon wafers in a plastic container in
which the HF solution completely covers the silicon sample. For
photoconductance decay (PCD) lifetime measurements this
could involve placing an open plastic petri-dish over an induction
coil in an extracted environment. Clearly this is not without
safety risk and it is also possible that this approach will result in
corrosion of components within the lifetime tester. In practice,
both issues can be mitigated by replacing the petri-dish with a
plastic air-tight container. In this case, the lid must be completely
transparent for adequate illumination levels during the PCD
measurement as demonstrated by Grant et al.*®*?% For low
lifetime samples (<100us), Lago-Aurrekoetxea et al. have
demonstrated the use of quasi steady-state photoconductance
(QSSPC) measurements, which in contrast to PCD, requires an
accurate measurement of the generation rate as the sample is
continually illuminated during the measurement.%

The lowest reported S for HF passivation are 0.25cms
but these are for (111)-orientation surfaces, which are of limited
interest for photovoltaics. For (100)-orientation surfaces, the best
reported S to our knowledge is 0.4 cm s™.I!! For conventionally
doped silicon (=1 Q c¢m), Grant et al. have demonstrated a very
low S of 0.6cms™" on (100) n- and p-type silicon by a light
enhanced HF passivation method.["®?% In this method 20 ml of
37% HCl is mixed with 150 ml of 15% HF, which is superior to
the previous study on HF passivation.”® Comparing the HF
passivation results presented in Table 1, it is interesting to note
that most authors report using concentrated HF (usually 48%),
however results in Table 1 indicate there is no significant
advantage or necessity to use such highly concentrated HF, as
demonstrated by Grant et al.*®*#2%

Textured silicon wafers are of significant interest to the PV
community, as texturing greatly improves the light trapping
properties of solar cells. In this regard, temporary passivation

—1[1,31]

Phys. Status Solidi RRL 2017, 11, 1700243 1700243 (6 of 18)

techniques which can passivate such surfaces are of interest in
terms of material properties and surface roughness/ability to
passivate. The lowest reported S for textured silicon wafers is
1.9cms ™', once accounting for the additional surface area
(1.73).3% Baker-Finch examined the dependence of S on the
(111) surface area proportion, and found that S increased from
~lcms™' to 4-5cms™' when the (111) proportion was
increased from 0.4 to 1 respectively.?* It was concluded that
the vertices/edges are responsible for the increased surface
recombination.

In general, HF passivation techniques provide the lowest S in
p-type silicon compared to other temporary methods and this is
shown clearly in Figure 3. HF passivation also gives excellent
passivation in n-type silicon, however lower S have been reported
using thin films (see Section 4.4). Compared to the best dielectric
passivation films to date,”"*) HF passivation has demonstrated
equivalent passivation levels, which is astonishing considering
the basic principles of the technique.

Figure 3 also demonstrates a doping dependence in the
measured S for HF passivation (less pronounced/obvious for n-
type), however this could simply be an artefact resulting from the
formation of a space charge region (which occurs when silicon is
immersed in HF as will be discussed below), as elucidated by
McIntosh and Black.”)

4.1.2. Passivation Mechanisms

When silicon wafers are immersed in HF solutions, band
bending like that shown in Figure 2 occurs, where in general a
space charge region is formed in n- and p-type silicon.[?%3*!
During this process, the HF etches any remaining oxide on the
surface and passivates the dangling bonds with fluorine

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Si—F).B*3% Although this bond is energetically strong (=5 eV),
its polarization makes it vulnerable to attack by HF.?®*” This
results in the separation of SiF, from the silicon surface
resulting from the formation of Si—H back bonding, thus
forming a stable hydrogen terminated silicon surface.*®
Interestingly, although the Si—H bond is energetically weaker
(~3.5eV) than Si—F bonds, the Si—H bond is nonpolar, and
therefore it is no longer attacked by the HF solution,***%** thus
providing exceptional passivation.!"

In contrast, Grant et al. examined the passivation of the
silicon-HF interface after illumination, and their results
showed a temporary, but substantial improvement in the
surface passivation. They concluded that the improvement in
surface passivation was attributed to temporary (unstable)
bonds with F and OH, which are highly polar and prone to
attack by HF.[28293949 [t was demonstrated that immediately
after illumination, the passivation level degraded back down to
a stable level (Si—H bonds), however could be recovered by
further illumination, consistent with temporary bonding with F
and OH.

4.2. Liquid Halogen-Alcohol
4.2.1. Overview

Solutions of halogens dissolved in alcohols have been found to
provide reasonably low surface recombination and are
considerably less hazardous than HF. In practice samples
can be placed into transparent plastic bags filled with
halogen-alcohol solutions and once sealed samples can be
tested with a range of conventional laboratory techniques, such
as PCD, QSSPC, and PL imaging. This is discussed later in
Section 5.3.

To the best of our knowledge Horanyi et al. performed the
first study into iodine-ethanol (I-E) pasivation, achieving S of
<10cms~ 'Y Maekawa and Shima were later successful in
reducing S to 0.36-5.5 cm s~ .[** M’Saad et al. diversified the
field by using iodine-methanol (I-M) and bromine-methanol
(Br-M) solutions and improved the surface passivation quality,
reducing S to <0.75cms™' on (100)-orientation silicon by
using I-M.P"! This remains the lowest reported for halogen-
alcohol passivation schemes, as summarised in Table 1. M’Saad
et al. showed that both I-M and Br-M have strong passivating
effects on (100)-orientation silicon wafers, with I-M being more
effective than Br-M, and interestingly they achieved better
surface passivation with I[-E than with concentrated HF
(48%).>"! Stephens and Green examined the doping depen-
dence of I-E passivation and broadly found that S reduces with
increasing substrate resistivity.[*?) Chen et al. investigated the
passivation dependence on the iodine concentration in the I-E
solution.** Their results clearly demonstrated that 0.08 M
iodine in ethanol (as used by Stephens and Green!*?) was the
optimum concentration, achieving S of 5.2 and 15.8cms ™" on
1.7-13 Q-cm n- and p-type Cz silicon, consistent with other
reported S values for 0.08M I-E passivation.

Batra et al. compared I-E to Br-M and found I-E to be more
effective.*” Although in general iodine-based passivation
appears to be initially more effective than bromine-based
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passivation, Batra et al.’s study does suggest better stability in
the bromine case.[*”! Furthermore, in their study bromine-based
passivation provided better surface passivation in the presence of
a native oxide (compared to a HF dipped surface), contrary to
iodine-based passivation schemes. Recently Sopori et al.
reported very high effective lifetimes of 20ms on n-type
30Q cm FZ (111) silicon using I-E passivation.*® In this
regard, the exceptionally high lifetime was attributed to the
cleaning procedures, as outlined in Section 5.1.

In general, Figure 3 demonstrates that halogen-alcohol
passivation schemes provide approximately even levels of
passivation between n- and p-type silicon. The level of
passivation is not necessarily high enough to assess accurately
the bulk lifetime for material with a resistivity of <10 cm. The
strong doping dependence in S for halogen-based passivation
shown in Figure 3 is consistent with the work of Stephens and
Green.!*?! At this time it is difficult to understand exactly why the
doping dependence is so strong, but it could be a result of silicon
band-bending (as discussed next) or a change in the interface
defect density.

4.2.2. Passivation Mechanisms

Silicon wafers immersed in I-M or I-E solutions exhibit a band
bending structure like that that shown in Figure 2.7} In this
case, depletion can result in both n- and p-type silicon if the
Fermi levels are pinned near mid-gap at the silicon surface.*”!
For iodine termination of the silicon surface, the Si—H bonds
must be broken and then passivated by iodine. lodine in
methanol/ethanol solvents is naturally in the form of I,, thus
dissociation of the I, species must occur for effective I
termination of the silicon dangling bonds. In this regard,
illumination is necessary to dissociate I, into I ions which can
then remove the hydrogen from the silicon surface. The silicon
surface can then “oxidise” another iodine atom, thus forming
Si—I bonds.***! The Si—I bonds are susceptible to nucleo-
philic attack by methanol/ethanol, meaning they are prone to
attack by the methanol/ethanol solvents, this results in a
silicon surface which is preferentially terminated by methoxy
or ethoxy.

Mlumination whilst silicon is immersed in [-E or I-M
solutions has been shown to reduce the time required to reach
maximum surface passivation dramatically.*?**°% In this
regard, illumination plays two roles in I-E and I-M passivation
(i) dissociation of I, molecules into I~ atoms and (ii)
generation of photoexcited carriers in the silicon material
which can further enhance surface reactions. Cai et al.
demonstrate that photoattachment reactions occur preferen-
tially on n-type silicon because photogenerated holes are
driven to the surface (due to the space charge region) which
are readily available for oxidation of the silicon surface (i.e.,
Si-I formation).*”) In p-type silicon, the space charge region
drives holes back into the bulk and electrons to the surface,
thus reduction is predominant over oxidation reactions. It
must be noted, that the effectiveness of illumination is
dependent on the amount of band-bending and the minority
carrier lifetime of the material in order to drive sufficient
holes to the surface.
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4.3. Liquid Benzyl-Alcohol
4.3.1. Overview

Various temporary passivation methodologies have emerged
based on benzene-based chemicals (such as quinhydrone)
dissolved in alcohols (including methanol and ethanol). Similar
to halogen-alcohol passivation schemes, samples can be placed
into transparent plastic bags filled with benzyl-alcohol solutions
and once sealed, samples can be tested with a range of
conventional laboratory techniques, such as PCD, QSSPC, and
PL imaging.

Takato et al. provided an early report on the quinhydrone-
ethanol/methanol based passivation scheme, achieving a very low
S of ~4 cms™" on high resistivity p-type silicon, one of the lowest
reported for this passivation scheme.>>**! Only Pollock et al. have
demonstrated a lower S of 1.3 cm s~ ", however this measurement
was also performed on high resistivity p-type silicon.”*) Chhabra
et al. demonstrated that a moderate level of surface passivation is
retained when the silicon samples are taken out of the
quinhydrone-methanol solution.””*® For 1 Q ¢m n-type silicon
they achieve S of 12.6 cm s~ (in solution) and 60.7 cms™* (out of
solution), however for 100 Q cm n-type silicon they achieve S of
7cms ™! (in solution) and 8.5cms ™" (out of solution).

Kotulak et al. worked on benzoquinone- and hydroquinone-
methanol passivation,”® and demonstrated that benzoquinone
provides a good level of surface passivation after a short 2-5 min
incubation period, while hydroquinone-methanol requires an
incubation period of a1 day for effective surface passivation.

From Table 1, it is evident that benzyl-based passivation
schemes are yet to demonstrate S < 1cms™ . Either more work
is required for benzyl-alcohol passivation to reach the state-of-art
passivation level like that achieved with HF and halogen-alcohol
passivation schemes, or there is a fundamental reason which
prohibits this. From Figure 3, it appears that benzyl-alcohol
passivation is more stable or less dependent on the doping
concentration for n-type silicon, however in comparison to
halogens, HF and thin films, benzyl-alcohol passivation shows
higher surface recombination values. For p-type silicon, the
same doping dependence is observed for benzyl-alcohol,
halogens, and thin films, thus little can be concluded if
benzyl-alcohol is superior/inferior to either of these passivation
techniques on p-type silicon.

Benzyl-alcohol based passivation schemes are regarded
as a viable alternative method to I-E and I-M methods and
generally offer better stability."*>*®*" In general, three benzyl
species have been examined, hydroquinone (HQ), p-benzoqui-
none (BQ), and quinhydrone (QHY), where the latter is the
combination of HQ and BQ. Of the three benzyl species,
quinhydrone dissolved in methanol provides superior surface
passivation when its concentration is 0.05 to 0.1 M.P#3%60

4.3.2. Passivation Mechanisms
When silicon is immersed in benzyl-alcohol based solutions,

band bending like that shown in Figure 2 arises, that is, a space
charge region is formed.!*” The reactions of charge carriers with
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species in the benzyl-alcohol solutions have not been extensively
examined, however the role of oxidation/reduction reactions at
the surface is likely to affect the level and speed of surface
passivation.

Silicon immersed in 0.07-0.1 M QHY-M solutions, undergoes
a reaction with QHY, which passivates the silicon surface.
Analysis of the silicon/QHY-M interface has indicated that of the
passivated silicon bonds, 50% are bound to QHY and the
remaining 50% are bound to methoxy, similar to I—M based
passivation methods.*%%"!

In order to examine the passivation mechanisms by QHY-M,
the individual constituents of QHY (BQ and HQ) have been
investigated.®® For both constituents individually dissolved in
methanol, BQ-M solutions were found to provide a similar
level of passivation to those samples immersed in QHY-M,
however samples immersed in HQ-M solutions showed
very poor passivation levels, suggesting BQ is the active
passivation component in QHY-M solutions.?%%" In contrast,
HQ-M solutions do begin to passivate after being immersed in
the solution for ~1 day.®® Kotulak et al. have suggested
that BQ and HQ convert back and forth in solution through an
intermediate QHY species, which can then passivate the
silicon surface, however this conversion requires both protons
and photons to readily occur.®” The availability of protons can
be controlled by the solvent used (i.e., methanol), while
photons can be controlled by external illumination sources.
Under illumination, BQ-M solutions provided an immediately
high level of surface passivation, indicating the transition
from BQ to QHY is very fast, while for samples immersed in
HQ-M solutions, the passivation level did increase faster
under illumination, however was inferior to BQ-M based
solutions, suggesting the transition from HQ to QHY is much
slower.”®! While the role of illumination was not fully
discussed, it is postulated that photogenerated carriers in the
silicon material are aiding surface passivation through
oxidation reactions at the surface. Therefore, the incubation
period®*°%*%¢% required to achieve maximum surface passiv-
ation can be significantly reduced if the use of external
illumination is applied.

4.4, Thin films
4.4.1. Overview

Temporary surface passivation of silicon can also be achieved by
the formation of a thin passivating film at the sample surface(s).
Temporary thin films include polymers and films arising from a
superacid-based solution (a superacid has acidity greater than
that of 100% H,SO,). It is noted that polymer-based processing
sometimes requires a curing step above room temperature and it
is possible that this may have an impact on bulk lifetime. In
general thin film-passivated samples have good short-term
stability and therefore can be characterised in a similar manner
to those passivated with inorganic dielectric films (e.g., SiNy,
Al,0;). That is, the samples can be measured using PCD,
QSSPC, and PL without being immersed in a liquid and without
the instruments being kept in an extracted environment
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As part of the development of organic-silicon heterojunction
solar cells, Schmidt et al. found spun-on poly(3,4-ethylenediox-
ythiophene): poly(styrenesulfonate) (PEDOT:PSS) provides a
surprisingly high level of surface passivation with emitter
saturation current density (Jo,) values of 80 fA cm 21 with
Zielke et al. further improving the J, to 46 fAcm 2 by
optimising the surface preparation prior to deposition. In terms
of S, 4-6 cms™* has been estimated from the data reported by
Schmidt et al. and Zielke et al.l*”!

Yang et al. achieved an S of 100cms™' for PEDOT:PSS
passivation.[®®l On textured surfaces they found the standard
PEDOT:PSS film was not conformal (i.e., the film did not coat
the troughs), however by reducing the viscosity of the organic
film, conformal passivation of the textured surfaces could be
achieved, as demonstrated by Schmidt et al.[**%!

Following on from the PEDOT:PSS work, Chen et al
examined the passivation quality of PSS after a short 130°-
C heat-treatment.®® Very low S values of 0.65-7cms™" were
attained when the PSS films were exposed to an oxygen ambient,
however S increased dramatically when exposed to either
nitrogen or ambient air conditions,®® which is clearly
problematic from a materials characterisation perspective.

Sieval et al. investigated organic mono-layers formed from
methyl 10-undecenoate, which gave an S of 120cms™ .l It is
noted that the process of Sieval etal. had a 2 h step at 200 °C, which
may be sufficient to impact on the bulk lifetime, so this combined
with the relatively poor surface recombination velocity shows this
is of limited use for characterisation of high bulk lifetimes. A
similar high S was also reported for a spin coated oleylamine
organic film, however the film was cured at room temperature.””

Rappich et al. have studied electrochemical deposition of
ultra-thin benzene-type layers, which have shown stability up
to 200°C, although their work did not give values of S.’!
Biro et al. achieved low S of 30cms™' by depositing a
poly(tetrafluoroethylene) based polymer Nafion, whereby a
1 hr 90°C curing process was necessary. The passivation was
shown to stabilize after ~20 min following the polymer coating
(with bias illumination).[*”

Yang et al’? and Castillo et al”? have examined the
passivation capabilities of room temperature deposited/formed
multifunctional polymeric films using chemical vapor deposi-
tion (CVD). While good passivation (S<10cms™') has been
achieved by this method, the use of a CVD system is not
attractive for low cost and straightforward passivation.

More recently, following on from successful results on the
passivation of transition metal dichalcogenides,”* Bullock
et al® and the authors of this review!®? have developed
bis(trifluoromethane)sulfonimide (TFSI) passivation of silicon.
The approach is to dissolve TFSI crystals in a solvent (typically
anhydrous 1,2-dichloroethane) and to dip the wet chemically-
cleaned and HF-dipped silicon sample into the solution for a
short period of time (typically ~60s). Upon drying, a thin
passivating film is left on the sample surfaces, which enables
lifetime measurements by usual characterisation methods.!*”! By
this passivation scheme, Grant et al. have demonstrated very low
S of <1cms ' on n- and p-type silicon.*

From Table 2, it is clear that thin films (organic- and
superacid-based) can provide a very high level of surface
passivation. Superacid-based passivation in particular has
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demonstrated exceptional passivation (S<1cms™'), which
makes it suitable for measuring very high lifetimes while being
compatible with conventional techniques such as PCD, QSSPC,
and PL. Turning to Figure 3, it is evident that the best thin films
are better at passivating n-type silicon than any other temporary
passivation scheme (including HF). On p-type silicon, the non-
safety benefits of using thin films over other passivation
schemes (excluding HF) is not obvious, however future
developments in organic thin film passivation such as TFSI-
based solutions, could see superior passivation on p-type also.

4.4.2. Passivation Mechanisms

PEDOT:PSS is currently used as a hole conducting layer in
organic-silicon heterojunction solar cells.”” The carrier selec-
tivity of the film is attributed to the band offset, which on n-type
silicon inverts/depletes the near surface region of electrons,
while on p-type silicon the converse is true, whereby the silicon
surface is under accumulation.”® It is therefore postulated that a
large part of the surface passivation is attributed to a field effect
mechanism. Schmidt et al® and others®>”* have recently
begun to use a thin native oxide in between the silicon surface
and PEDOT:PSS, resulting in lower S, which could be due to a
reduction in the interface defect density.

In contrast to PEDOT:PSS, Chen et al. investigated the
passivation mechanisms of PSS when in contact with silicon.[*!
The initial requirement for a high level of surface passivation is a
H-terminated silicon surface. When the PSS film is deposited on
the silicon surface, thermal equilibrium must be satisfied, in
which case the bands bend downwards in n-type silicon, thus
forming accumulation of electrons at the silicon surface.!*® Prior
to exposing the PSS film to an oxygen ambient, the silicon
surface is moderately passivated by the PSS film, however in the
presence of oxygen, excellent surface passivation is attained.
During exposure to an oxygen ambient, it is suggested that
oxygen penetrates the PSS film and oxidises the surface through
an electron transition from the silicon surface. The PSS
monomer molecule then bonds to the oxygen. Therefore the
very high level of surface passivation is attributed to an oxidation
effect of the silicon surface in the presence of the PSS film. In
contrast, when the oxygen ambient is replaced by nitrogen, the
reverse occurs, whereby the surface undergoes de-oxidation
leading to an increase in S.

The deposition of polymers has been examined however little
information in the literature exists, therefore no explanation
regarding their passivation mechanisms can be discussed at this
time. In general, polymers, and organic films (PEDOT:PSS, PSS)
require a 100-200°C heat-treatment to activate and bake the
films, which might be undesirable from a materials characteri-
sation perspective due to possible effects on bulk lifetime.

Regarding the recently discovered superacid-based passiv-
ation, at present the exact passivant is unclear. Both Grant
et al% and Bullock et al®! have examined the injection-
dependent lifetime for n- and p-type silicon and they find no
evidence for substantial field-effect passivation and thus these
schemes are not likely to give rise to strong band bending.
While the superacid-based passivation procedure has demon-
strated very low surface recombination, more work is required
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to understand the details of the film composition and its
thickness.

4.5. Other Temporary Passivation Schemes
4.5.1. Overview

Beyond the scope of the more established temporary passivation
schemes, there are many “other” schemes which provide
adequate surface passivation for bulk material characterisation,
however they have not been widely investigated like those
schemes discussed previously in this review. Table 3 summarises
the best S attained for each “other” passivation scheme discussed
herein.

Immersion of silicon wafers in ammonium fluoride (NH4F)
solutions has demonstrated low S of ~10cms™ ' on high
resistivity FZ (111) silicon.*” In contrast, much higher S result
when FZ (100) silicon is immersed in NH,F solutions.”®

Yablonovitch et al. have demonstrated very low S in the range
of 0.2-1.5cms™* for highly acidic, concentrated solutions of
HCI, HSO;CF3, H,SOy4, and H3PO, when Si (111) silicon wafers
are immersed in the said solutions.!" They also deduced that S is
proportional to the acid molarity, whereby S increases as the
concentration of the acid is reduced.!"

Royea et al.””! and Nemanick et al.”® have examined the
passivation quality of alkyl group termination of Si dangling
bonds, and measured S in the range 20-60 cm s~ ', while Plymale
etal. have achieved an S of 40 cm s ™' by a two-step halogenation/
alkylation method forming a passivating coverage of CHj.l””!

Solutions of potassium cyanide have been tried, but have not
been found to passivate bare silicon surfaces particularly
effectively.®™® In contrast, when a thin oxide on the silicon
surface exists, a potassium cyanide treatment can reduce the
surface recombination,®™® which could be attributed to a
reduction of interface states at the Si-SiO, interface.’®

Schmidt and Aberle deposited varnish (a photoresist) on the
silicon surface by spin coating, and then deposited corona
charges on its surfaces, achieving S of 30-70 cm s~ ', suitable
for defect characterisation of lower purity silicon material such
as p-type Cz and mc-Si.

4.5.2. Passivation Mechanisms

In contrast to HF solutions, NH,F are highly buffered and thus
have a much higher pH of 8.%#* The presence of OH™ and
other related species in NH,F promote selective etching of
silicon, where (111) surfaces are attacked more efficiently,
leading to smooth monohydride-terminated Si(111) sur-
face.B*#! However on Si(100), the anisotropic etching nature
of NH,F leads to Si(111) facets, which prevents the formation of
a smooth H-terminated surface.®*®* The energy bands of n-type
silicon while immersed in 40% NH,F solutions have been
shown to form accumulation (opposite to Figure 2), where the
chemical reactions are facilitated by electrons from the
conduction band (reduction).?>#* No reports for p-type silicon
could be found, and thus we cannot assume what the band
bending would look like for p-type silicon in contact with NH,4F,
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as Fermi level pinning could arise if sufficient surface states
exist, which could result in accumulation or depletion /inversion.

Immersion of n- and p-type silicon wafers in highly acidic
solutions such as sulfuric acid (H,SO,) and hydrochloric acid
(HC]) result in depletion/inversion conditions, however they
offer excellent passivation levels when their concentration is
high.»**”7) At present little information is available regarding
the passivation mechanisms of these acids.

Chlorination/alkylation of silicon surfaces has been investi-
gated as a means to both passivate the silicon surface and prevent
oxidation during storage.’”” 7%\, In general H-terminated Si(111)
surfaces using NH,F are first chlorinated using chlorobenzene
saturated with phosphorus pentachloride for ~1h at 100°C,
resulting in a Clterminated surface. After chlorination the
surfaces are then treated by immersion in a tetrahydrofuran
solution containing various Grignard reagents (alkyl groups) at
115°C for ~1 day. The alkylation of the Cl-terminated Si(111)
surface results in complete removal of Cl, thus prior chlorination
is vital for successful alkylation. The dissociation of Si—Cl bonds
does not result from direct attack from the alky groups, but
rather from the transfer of an electron to the silicon surface
which undergoes a chemical reaction of the “reduced” Si—Cl,
thereby dissociating this bond.””~”? Based on the requirement
for electrons to reduce the surface in order for sufficient alkyl
surface passivation, suggests the silicon surface is under
accumulation (in the case of n-type).l””~"%

Deposition of varnish followed by corona charging has led to
some relatively low S on n-and p-type silicon.®”! In this case, the
varnish does not provide any chemical passivation, meaning a
very high interface defect density is present. However when
negative corona charge is applied, the surfaces of n-type become
inverted (repels electrons) resulting in upward band bending,
while for p-type, the silicon is under accumulation, resulting in
downward band bending. Thus the low S achieved by this
passivation scheme is purely driven by a field effect mechanism.

5. Processing Issues

5.1. Cleaning

In this section we address the cleaning procedures for each
liquid passivation type, and summarize the common procedures
required to achieve consistent surface conditioning. From our
experience, the chemicals used should be of high purity
(impurity level of parts per billion) and the DI water have a
very high resistivity (in our experience >18 MQ).

5.1.1. HF Based Passivation

Yablonovitch et al. emphasize the importance of a pre-treatment
method for exceptional surface passivation."! Their method
consisted of 2-steps: (i) the oxidation of the silicon surface
(thermal or chemical); and (ii) dissolution of the oxide layer by
HF (this can be done in the passivating HF solution).

Luke and Cheng investigate the level of passivation attained
after extensive cleaning using a boiling solution of trichlor-
ethylene, acetone, and methanol.®"! After rinsing and HF
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dipping the sample, they were chemically oxidised in boiling
90 °C concentrated sulphuric acid (H,SO,) for 10 min. Without
removing the chemical oxide, the final treatment involved
cleaning the samples in a boiling solution of HCL:H,0,:
H,0 (1:1:1) for 6 min. Notably, the chemical oxide was not etched
away prior to immersing the samples in the passivating HF
solution, similar to that reported in Ref.*?.

Tian et al. examined the difference in passivation of H-
terminated silicon (111) surfaces treated by either an RCA clean
and NH,F or a pirhana etch and 10% HF dip. It was
demonstrated the latter gave the highest lifetime.®®!

Grant et al. demonstrated that not only does chemical
cleaning and oxidation provide good surface conditioning prior
to immersion in HF, etching the silicon surface in 25%
tetramethylammonium hydroxide (TMAH) prior to immersion
in the HF solution provides a superior surface condition for HF
passivation.”®?*! Tt was postulated that higher hydrogen
coverage occurs on these surfaces due to the micro-roughness
present after the TMAH etch.®98628]

Summary to Achieve the Best Results

It is clear from the literature that the silicon surface must be
cleaned prior to immersion in HF. The most common cleaning
procedure is the RCA developed by Kern,”® however this process
does not necessarily provide the best surface condition. To
improve the surface condition, it is apparent that RCA cleaning
should be followed by etching silicon in TMAH or HF:HNO;
followed by a chemical oxidation (RCA 1 or H,SO,). The
chemical oxide is then removed once immersed in the
passivating HF solution.

5.1.2. Halogen-Alcohol Passivation

I-E and I-M chemical passivation solutions are very attractive for
temporary liquid passivation applications, however the chemical
pre-treatment has not been the subject of many detailed reports.
Stephens and Green demonstrate S<10cms ' following a
single dilute HF dip."**! Although this simple pre-treatment is
desirable, it is susceptible to inconsistent surface passivation by
the halogen-alcohol treatment due to surface contamination, and
varying surface conditions.

In general, the standard RCA clean and HF dip prior to I-E or
[-M passivation has proved to be a good surface pre-treatment,
where in one case a very low S of 0.75 cm s ™! was attained.?" In
contrast there have been reports that indicate a piranha etch
(H2SO4:H,0,) or silicon etch (HF:HNOs) prior to halogen-
alcohol passivation provide clean/smooth silicon surface,
resulting in S of 1 to 10 cm s~ 1, [#1:42:46:4991]

In contrast to HF based passivation, the silicon surface mustbe
free of any oxide prior to halogen-alcohol passivation. In this
regard, the final oxide “removal” step is critical for good and
reliable surface passivation. While dilute HF solutions are the most
common way to remove a native or chemical oxide layer, several
authors have examined replacing dilute HF with ammonium
fluoride (NH,F) on Si(111) surfaces.l*”) NH,F is a highly buffered
HF solution and has been shown to minimize surface roughness
(compared to dilute HF solutions) during the final oxide removal
step, thereby yielding lower S after halogen-alcohol passivation.
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Angermann etal. demonstrated that NH,F treated Si(111) surfaces
attained a much higher hydrogen coverage (lower interface defect
density) compared to a simple dilute HF dip, and concluded this be
attributed to the anisotropic etching behavior of NH,F.B*% In
contrast, the same treatment on Si(100) surfaces results in a much
rougher silicon surface (higher interface defect density) compared
to a simple dilute HF treatment %5

Summary to Achieve the Best Results

Halogen-alcohol based passivation techniques do not show a
strong correlation with wet chemical pre-treatment steps,
however the examined literature indicates that wafer cleaning
by either the standard RCA process or piranha etch is required to
achieve a clean silicon surface. Furthermore, in cases where
silicon etching is required, a standard HF:HNOj etch provides a
good surface condition for the passivation treatment. Perhaps
the most critical step prior to halogen-alcohol passivation is the
final oxide removal and the termination of Si bonds with
hydrogen. For Si(100), dilute HF is deemed the best solution,
while for Si(111), NH,F is superior to dilute HF.

5.1.3. Benzyl-Alcohol Passivation

In the surveyed literature for benzyl-alcohol passivation, the
favored wet chemical pre-treatment is the piranha etch followed
by a dilute HF dip *®***7 In contrast to halogen-alcohol
passivation, an S below 1cms™' has not been reported for
benzyl-alcohol passivation, which could be a consequence of the
relatively unexplored wet chemical pre-treatment processes. It is
therefore possible that S < 1cms™' could be attained by benzyl-
alcohol passivation if the pre-treatment is optimised.

5.1.4. Thin Film Passivation

Biro et al.*”! deposited a polymer film on silicon without any pre-
treatment, yielding similar S values to Schmidt et al. whom
deposited varnish (photoresist) on “as-received” (native oxide
coated) silicon wafers, which were subsequently corona charged
to give S of 30-70.%”) While no pre-treatment is attractive for
process simplicity, the high S values would indicate the native
oxide is potentially limiting the minimum surface recombina-
tion which otherwise might be lower for these methods if the
surface pre-treatment were optimised.

In contrast, there have been a number of trialled wet chemical
pre-treatment processes, however the favored treatment to-date
is a simple HF dip to remove any native oxide prior to deposition.
This simple treatment prior to thin film passivation has led to
some very low S values of 3-10cm s™*,[***7% and in one case a
very low S of 0.65 cm s, however the later was achieved on
near intrinsic silicon. While low S have been achieved without
substantial wet chemical pre-treatment processing, a simple HF
dip is susceptible to an unreliable surface condition by either
surface contamination from previous wet chemical processing
or the surface morphology (etched versus polished). Thus, for
materials characterisation, a consistent surface condition is vital
for reliable surface passivation, and a simple HF dip process is
not likely to satisfy this condition.
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Recently, Grant et al. demonstrated the significance of a
surface pre-treatment process on the level of passivation attained
when silicon wafers are treated with a superacid-containing
solution.®” In that work, it was demonstrated that a simple HF
dip provided inferior surface passivation to a sample which was
chemically cleaned or etched in either HF:HNOj; or 25% TMAH.
The work demonstrated that a sample subjected to an RCA 1
clean and HF dip degraded the surface condition, while a sample
subjected to an RCA 2 clean and HF dip (no RCA 1) provided the
best surface condition for superacid-based passivation, achieving
S<1cms™! on various silicon material, much lower than any
other thin film reported in the literature. Grant et al. also
demonstrated that etching the silicon samples in 25% TMAH
prior to a RCA 2 clean and HF dip achieved a reliably high level of
surface passivation using the superacid method.*® In this
regard, the etching process was considered desirable, as it would
remove any differences in as-received or previously processed
silicon wafers, thereby minimising variations in S from one
sample to the another.

Summary to Achieve the Best Results

Although a high level of surface passivation has been achieved
by simply treating the silicon wafers with dilute HF prior to
thin film deposition, Grant et al. have demonstrated that a
superior level of passivation results if the silicon surface is
etched, cleaned, and HF dipped. The best pre-treatment
processes may have some dependence on the film being
deposited and the chemical reactions that occur at the interface
during passivation, and therefore variations of the etch and
clean procedures compared to Grant et al. may be required for
the best results.

5.2. Stability Issues

Measurements of the degradation kinetics and accurate extraction
of bulk silicon defects relies on the stability of the surface
passivation during such measurements. Therefore the stability of
the temporary passivation scheme needs to be addressed in order
to understand which films are best suited for quick high bulk
lifetime measurements (minutes) or longer light induced
degradation experiments (hours). The following section outlines
the stability of each passivation strategy.

5.2.1. HF Based Passivation

While HF based techniques in general provide the highest level
of surface passivation (see Figure 3), the instability of the
passivation whilst silicon wafers are immersed in HF is
undesirable for long term measurements. Recently, Razera
et al’? examined the time dependence of silicon wafers
immersed in 48% HF, and demonstrated that for planar (100)
silicon wafers, the lifetime decays steadily for the first 6 min and
then stabilises beyond this time. It was proposed that the initial
high lifetime at t=0min represents a fluorine passivated
surface, while for t>6min the passivation is attributed to
hydrogen termination of silicon surface states, resulting in a
lower, but stable surface lifetime.?? In contrast, when textured
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silicon wafers are immersed in 48% HF, the initial lifetime is
low, but quickly increases, reaching its peak lifetime after
~3min of immersion, and then drops again where it finally
stabilises for t>8min. The different behavior in the time
dependent lifetime measurements, suggests formation of Si—F
bonds is slower on textured wafers, which has been attributed to
a delay in the reaction that substitutes the OH (formed during
chemical oxidation) group with F.[?

For silicon wafers immersed in lower concentrated HF
solutions (15-20%), Grant et al. have demonstrated that
immediately following illumination (to active the surface
passivation), the lifetime degrades substantially from 10 to
6ms after 1 min in the dark (a change in S of ~3cms™), at
which point the passivation begins to stabilise.[?®! Fortunately
the lifetime (and surface passivation) can be recovered by
subjecting the sample to illumination, which then degrades
once the illumination source is terminated. This degradation
and recovery mechanism is said to involve temporary
passivation with F and hydroxyl goups during illumination,
which are subsequently attacked by the HF solution post
illumination, resulting in a decay in the surface passivation,
stabilising at a level where Si—H bonds are the predominant
passivating species.l”®! Although Grant et al. only demon-
strated 3-4 cycles of this passivation mechanism, it is
anticipated, many more cycles could be performed before
any permanent reduction in the lifetime is observed. In this
regard, it is possible to measure the same sample many times
in order to achieve an accurate measurement of the measured
lifetime and its injection dependence regarding any bulk
defects in the material.

In contrast, if the bulk lifetime of the material is low (<1 ms),
then any degradation resulting from changes in the surface
passivation while immersed in HF (dilute or concentrated)
would be negligible because bulk recombination mechanisms
are dominant over changes in surface mechanisms, as
demonstrated by Sugimoto et al.”?

5.2.2. Halogen-Alcohol Passivation

Although I-E or I-M is the most utilised liquid passivation
technique, there have been numerous reports regarding the
stability of the passivation scheme B1444549333691] 1y g]] cases,
iodine based passivation steadily degrades within minutes after
reaching its peak passivation level and then stabilises at a much
lower level after =4 h of immersion. On high lifetime samples (FZ
wafers), Pollock et al. examined the time dependence of I-E
passivation, and found the scheme degraded steadily from ~6 ms
(initial) to ~3 ms after 4 h in solution.>* For lower lifetime samples
(Cz wafers), a similar reduction in lifetime was observed, that is a
50% reduction in the effective lifetime after ~4h in solution. In
contrast, when the I-E passivated silicon sample is removed from
the solution and exposed to ambient air, the degradation rate is
much faster, where a 60-70% reduction in the effective lifetime is
observed after =5 min out of solution. In this regard, it is evident
that I-E passivation is susceptible to oxidation, similar to that for
H-terminated silicon surfaces following a HF dip.*"

The degradation of I-E or I-M passivation while silicon is
immersed in solution has been attributed to oxidation of the silicon
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surface.***7) Chhabra et al.*”) performed X-ray photoelectron
spectroscopy of a I-E passivated silicon sample after 1h
immersion, and observed a small SiO, peak, indicating the
sample had become oxidized whilst immersed in solution,
consistent with other reports.?"****I In order to mitigate oxidation
of the silicon surface by dissolved oxygen in the I-E solution,
M’saad et al.*") bubbled nitrogen through the methanol solution
before and during the time dependent lifetime measurements,
which did improve the stability of the surface passivation. In this
regard, future experiments regarding the stability of iodine-solvent
passivation might be carried out in a glovebox whereby the
humidity and oxygen levels are better controlled.

5.2.3. Benzyl-Alcohol Passivation

This relatively new passivation scheme has demonstrated some
very low S values as shown in Table 1 and Figure 3, however is
generally inferior to the best halogen-alcohol, HF and thin film
based passivation schemes. When considering the stability of the
passivation scheme however, QHY is by far the most stable
temporary passivation scheme when silicon wafers are im-
mersed in solution.’**5°5% Pollock et al. demonstrated that
even on high lifetime silicon wafers (sensitive to surface
recombination), the passivation (=8 ms) remains stable for at
least 5h, and only slightly degrades thereafter. On lower lifetime
samples (=500 ps) Takato et al. demonstrated stability of the
surface passivation up to 72 h of immersion in a QHY-E solution,
while Kotulak et al.*” demonstrated stable passivation (3.2 ms)
under constant illumination (ambient laboratory light) for up to
13 h, however on average, there were no signs of degradation,
consistent with Takato et al.>®

When the QHY passivated samples are removed from the
solution and exposed to ambient air, the passivation does
degrade relatively quickly, that is a 50-60% drop in the effective
lifetime after 30 min in air, however this rate is still much slower
than that for I-E and H-terminated surfaces under the same
conditions.®"

The degradation (or lack thereof) when silicon wafers are
immersed in QHY-M or QHY-E has been investigated by
Chhabra et al.’”) In contrast to an I-E treated silicon wafer, where
the surface becomes prone to oxidation, XPS measurements of
QHY treated surfaces did not show any indication of oxidation
following a 1h immersion in QHY-M solution, suggesting QHY
passivation is far more resistant to oxidation than I-E, hence the
passivation is also very stable.

5.2.4. Thin-Film Passivation

The hole-conducting transparent polymer PEDOT:PSS provides
a reasonable level of surface passivation, as demonstrated in
Table 2. However under ambient conditions, significant
degradation in the surface passivation by PEDOT:PSS has been
observed.!*!! Schmidt et al.l®* measured the degradation rate of a
n-type silicon solar cell featuring the PEDOT:PSS film on the
front surface, and demonstrated substantial degradation of the
cell efficiency after being stored in air (=4% absolute drop)
for ~100h. In contrast, when a sister cell was stored in
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dehumidified air (desiccator), no degradation was observed, and
the front passivation provided by the PEDOT:PSS film remained
stable for 3,000 h. From these findings, Schmidt et al. concluded
that the observed degradation is caused by the interaction of the
PEDOT:PSS junction with water molecules in the atmo-
sphere.® In contrast, Walter et al.”*! examined the passivation
properties of the PEDOT:PSS layer under intense illumination
(200 mW cm™?) for 11h at 130 °C, and observed no degradation,
however the lifetime level was restricted to <100 ps.

Chen et al.** examined the stability of 800 nm thick PSS films,
and demonstrated that degradation was unavoidable under low
relative humidity (RH: 10-20%) levels, whereby the measured
lifetime decreased by 50% over a 1 h period and this was exacerbated
when the film was exposed to ambient conditions (RH: 40-60%),
leading to much stronger degradation. PL imaging of a passivated
sample demonstrated the degradation was relatively uniform
across the wafer surface. In contrast, poly(tetrafluoroethylene)
based polymers have demonstrated excellent stability over a 4h
period in ambient conditions under constant illumination (50 mW
cm™2),1! however the surface recombination is much higher
(30-90 cm s %), which limits this film to low bulk lifetime samples.

More recently, the stability of superacid-treated silicon
surfaces (under ambient conditions) has been examined by
Bullock et al.'®"! and the authors of this review.*” In both cases
the “film” remained relatively stable over the first 60min
following the treatment, but degradation was more prominent
over a 2-3 h period, where a lifetime drop of ~30% was observed.
Grant et al. reported an average degradation rate in S of
0.0052cm s 'min~!, determined from three separate experi-
ments in order to improve the accuracy. The source of
degradation is still unclear, however it is speculated that

moisture from the ambient air is reacting with the “film”. (%

5.2.5. “Other” Passivation

Although acid-based passivation schemes such as NH,F, HCI,
and H,SO, have demonstrated excellent levels of surface
passivation, as evident in Table 3, their passivation stability
has not been examined while silicon wafers are immersed in
solutions, however, the passivation degrades immediately once
the silicon wafers are taken out of the solution, as demonstrated
by Michalak et al.*!

Chlorination/alkylation of silicon surfaces have led to some
moderately low S of 20-60 cms™", however the passivation has
demonstrated excellent stability over hundreds of hours exposed
to ambient air conditions.”””? The excellent stability of
alkylated silicon surfaces is attributed to prevention of surface
oxidation, as demonstrated by Refs.””~7?). Such films could find
use on lower quality silicon materials whereby bulk recombina-
tion is dominant over that occurring at the surfaces.

Corona charged films (charge deposited on the surfaces of a
film/dielectric layer) have shown steady degradation immedi-
ately following the deposition of charge when exposed to
ambient conditions, whereby Schmidt and Aberle demonstrated
a 60% reduction in lifetime 20 min post charge deposition.®”) In
contrast, Bonilla et al.®" have shown that corona charges can be
stabilised (on the timescale of days) by depositing hexamethyl-
disilazane (HMDS) on the corona charged surface at 120°C for
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30 min. Such passivation techniques could thus find use in long
term degradation experiments, such as light induced degrada-
tion (LID).

5.3. Compatibility With Characterisation Methods

Practical constraints due to safety and stability issues mean some
approaches work better than others under certain conditions. In
Table 4 we summarize the practical issues associated with the
five categories of temporary surface passivation.

One of the first commercial techniques to measure the spatial
distribution of the minority carrier lifetime was ELYMAT."” The
basic operation of the system consisted of immersing a defined
area of silicon (front and back surface) in dilute HF (1-5%),
applying a potential difference across the front and rear HF
contacts of the silicon wafer, illuminating the front surface with a
laser beam and then measuring the corresponding current and
voltage, which could be converted to a minority carrier lifetime
(or diffusion length). Although this system was essential for
detecting metal contamination and wafer inhomogeneity, the
system was too slow and not practical compared to current
techniques such as PCD and PL imaging.” In contrast,
Sugimoto and Tajima performed PL imaging of mc-Siimmersed
in dilute 5% HF.? Whilst it is noted that HF passivation has
been used in PL imaging®® this was with a custom laboratory
set-up and not a commercial tool, thus in general HF passivation
might not be suitable for PL imaging (in terms of safety). Grant
et al. have successfully demonstrated a light enhanced HF
passivation method which is conducted inside a fume-hood, as
shown in Figure 4.12%2%

In comparison to HF passivation setups, halogen- and benzyl-
alcohol passivation schemes do not possess the same safety
concerns and thus surface passivation of silicon samples can be
achieved by immersing them in a sealable plastic bag containing
a small amount of halogen- or benzyl-alcohol solution, as shown
in Figure 5.°° By this method, samples can be characterised
using commercial PCD and PL set-ups such as those from
Sinton Instruments and BT imaging, respectively.*®!

Recently, Al-Amin and Murphy have demonstrated the
effectiveness of the sealable bag approach for passivating mc-
Si to measure the increase in bulk lifetime after sequential low
temperature annealing to getter interstitial iron internally,®® as
shown in Figure 6. Other benefits of this approach include room
temperature passivation conditions, a reliable level of

Table 4. Practical issues associated with temporary passivation.

Type Preparation Usage Safety risk PCD/PL

Acid Fume-hood Fume-hood High Yes/Possible
(Fume-hood)

Halogen-  Fume-hood Sealed bags Medium Yes/Yes

alcohol

Benzyl- Fume-hood Sealed bags Medium Yes/Yes

alcohol

Thin film Glovebox Ambient Medium Yes/Yes

Other Fume-hood Ambient Medium Yes/Yes
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(@) (b)

External illumination
source

Flash light

Silicon wafer

Sinton lifetime tester

Figure 4. (a) Schematic of the HF passivation method and (b) a
photograph of the setup in a fume-hood Reproduced with permission[*?!.

passivation and more importantly, I-E does not provide a source
of hydrogen which can deactivate bulk defects, therefore
shielding true bulk recombination mechanisms.

For high lifetime silicon samples (>1ms), the requirement
for a spatially uniform, high level of surface passivation is
necessary in order to accurately characterize bulk silicon defects
using PL-based techniques. While halogen- and benzyl-alcohol
based passivation schemes have demonstrated a high level of
passivation, their spatial uniformity is limited."*"**”), In this
regard, thin film passivation schemes have demonstrated
exceptional uniformity. Chen et al.** have shown that spun-
on PSS films exhibit excellent uniformity, however the films
degrade rapidly under ambient conditions. In contrast, Bullock
et al.l®" and the authors of this review,[®? have demonstrated by
dipping a silicon sample into a TFSI based solution for a short
period of time (typically ~60s) and drying (see Figure 7(a)), a
thin passivating film is left on the sample surfaces, which
enables lifetime measurements by PCD and PL. The uniformity
of the superacid-based passivation scheme can be seen in
Figure 7(b).

In comparison to HF based passivation, thin films such as
those derived from superacid-based solutions are more attractive

Sealable bag

I-E solution

mc-Si sample

Figure 5. A mc-Si sample in a plastic sealable bag containing I-E solution
(photograph from M. Al-Amin %)),
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(a) Lifetime (us)

(b) Interstitial iron (cm3)

3 10 20 30 35 1070 10M 1012

Figure 6. (a) PL lifetime images of a 3.9cm by 3.9cm mc-Si bottom
ingot sample after annealing at 400°C for 0, 5, and 35h, with (b)
corresponding interstitial iron concentration maps. Data were acqu
ired using I-E passivation with the sealable bag approach (adapted from °¢}).

for PL-based lifetime imaging, however rapid throughput with
such techniques is unlikely.

6. Applications of Temporary Passivation for
Silicon Materials and Device Development

Temporary passivation can have advantages over conventional
passivation techniques which enables cleaner experiments to be
designed with fewer variables. Specific ways in which temporary
passivation has been used are briefly outlined in this section.

6.1. Minimising Hydrogenation and External Gettering
Effects

There is evidence to suggest that hydrogenation of silicon occurs
after passivation by dielectric films, particularly in the case of SiN,.
For example, platinum-hydrogen complexes form when SiN,-
coated samples are annealed at 750°CP® and deuterium is
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Until hydrophobic ~1 sec

'l—" ‘|—,. {050

soln. 5% vol. HF super acid PCD/PL measurement
(in air)

(b) No anneal

N, anneal
550°C
30’

Figure 7. (a) Schematic of the superacid treatment procedure. (b) PL
image of two halves of a low doped (5 x 10" cm™) n-type silicon wafer
treated with the superacid solution, with a bulk silicon defect activated in
the right half by annealing. Reprinted with permission.[*” Copyright 2016,
American Chemical Society.

detected at oxide precipitates in samples with deuterated SiN,
films annealed at 800°C.”%\. Although not explicitly proven, it is
often assumed that hydrogen enters the bulk from as-deposited
SiN, films or those annealed at low temperatures. Impurities can
also be gettered to dielectrics or their interface with the silicon
bulk.??? Temporary passivation is performed at room or low
temperature so even if external gettering were possible (e.g., to a
temporary thin film) kinetic limitations would mean effective
external gettering were impossible for key impurities such as iron.

Temporary passivation has enabled improved understanding
of silicon PV which would be more difficult to achieve with
dielectric-based passivation. For example, one of the biggest
recent materials challenges has been LID (see Ref.'*” for a
review) in which the mechanism of permanent deactivation of
the boron-oxygen-related recombination centre is the subject of
debate. Walter et al. used spin-coated organic passivation in a
LID paper which they claim passivates the surfaces without bulk
hydrogenation.”? They found effective deactivation with this
temporary passivation scheme, which they state is clear evidence
that hydrogen is not involved in the process, contrary to
conclusions of others.['*"1%

We are not aware of any specific direct studies into
hydrogenation arising from temporary passivation processes.
Wet chemical etching as used as a temporary passivation pre-
treatment is however known to result in hydrogenation to a
depth of a few microns, with subsequent annealing able to drive
the hydrogen deeper into the material.’® Whilst room
temperature hydrogenation from etching is an important
consideration for near-surface measurement techniques such
as deep-level transient spectroscopy (DLTS), the effects on bulk
lifetime measurements are likely to be small.

Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-rapid.com

ADVANCED
SCIENCE NEWS

iSiS™
) =
S

physica

www.advancedsciencenews.com

Liquid-based temporary surface passivation, particularly of
the halogen- or benzyl-alcohol class, is particularly valuable for
understanding impurity behavior in mc-Si for solar
cells 17215396104 Apy difference in S between the various
passivation types (Table 1) is largely insignificant in mc-Si due to
the relatively short bulk lifetimes, and this means the safety risk
associated with HF passivation is rarely worth taking. A study by
Pollock et al. has shown QHY-M passivation has better stability
than I-E,”* but both give similar starting lifetimes and so I-E
passivation gives reliable results if used relatively quickly. Karzel
etal. used QHY-M passivation to study the fundamental behavior
of iron in silicon."” Their conclusion was that QHY-M
passivation enabled a much more reliable measure of interstitial
iron concentrations than SiN, passivation. Liquid passivation
has also been invaluable in the development of low temperature
gettering processes where again conventional dielectric passiv-
ation provides ambiguity due to possible hydrogentation,
external gettering and thermal reconfiguration of impurities
during passivation. Recently, Al-Amin and Murphy have used I-E
passivation to measure lifetime changes during low temperature
processing.*?1%" Their methodology has unambiguously
shown lifetime improvements to arise from gettering and not
due to bulk passivation. Recently, I-E passivation has also been
used to demonstrate the effectiveness of saw damage at the wafer
surfaces to getter impurities at <700 °C.""%) In summary, whilst
the side-effects of dielectric passivation are usually beneficial to
PV device performance, it is usually better to use temporary
passivation to study defect behavior in the material as the
variables of interest are easier to isolate.

6.2. Process Optimisation

Temporary surface passivation has important applications in the
development of device processes. In a diagnostic context, for
example, if a dielectric-passivated sample is measured to have a
reduced effective lifetime after a process stage the origin of the
lifetime change could be degradation of the passivation layer
(i-e., an increased S) or degradation of the bulk. Temporary
surface passivation can enable separation of the cases.

Grant et al. utilised the light enhanced HF passivation
method to highlight the thermal instability in commercially
available FZ silicon over the temperature range 80-1100°C,
which has led to an improved understanding of FZ silicon and
how to thermally treat it.">119%191 In 3 recent study, effective
lifetime degradation was measured in illuminated FZ silicon
passivated with an Al,0;-SiN,, stack.['% This stack was etched
away and the sample was then re-passivated with a superacid
thin film at room temperature with a similar S to the original
passivation. The injection-dependent lifetime measured in the
re-passivated was very similar to the degraded lifetime, and
thus the authors were reliably able to link the degradation to
increased bulk recombination and not a decrease in surface
passivation quality.

Temporary passivation can also be used to study the thermal
effects of solar cell processing, such as in the recent study of
interdigitated back contact (IBC) cells by Rahman et al.’*” In
this study, solar cell performance was improved by eliminating a
bulk defect which formed during the boron diffusion process.
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Room temperature superacid thin film passivation was applied
after removal of the boron-diffused layer in the knowledge that as
a room temperature process it would enable a measurement of
the true bulk lifetime after cell processing without influence
from the thermal effects and hydrogenation from dielectric-
based passivation. The study then used knowledge of thermal-
induced degradation of float-zone material obtained with liquid
HF passivation™'®! to develop a pre-annealing routine to
minimize the degradation. In summary, temporary passivation
schemes when correctly applied are able to provide state-of-the-
art passivation without changing the bulk lifetime of the material
and this is extremely valuable in the device and materials
development in a silicon PV context.

7. Future Developments in Temporary
Passivation

One future development could be exploratory research to
stabilize what are currently temporary surface passivation
schemes to enable their use in devices. This is only likely to
be of interest in the cases which give S better than stable
dielectric films grown by conventional methods. The idea of
encapsulating HF-passivated silicon inside an organic
coating was patented in 1986,!*'” but there are clear safety
risks with this. Superacid-based passivation such as that
based on TFSI®"%?l may prove to be a more suitable future
candidate for encapsulation in photovoltaic devices. Recent
work has integrated polymer thin films into an IBC cell
structure,l''" although their long-term stability has not been
proven.

Temporary surface passivation is not restricted to silicon. HF
passivation has been successfully used on germanium to provide
an S of 2cm s~ 1. Quinhydrone-methanol passivation has been
shown to passivate germanium surfaces with an S<20cm
s LI 1t seems likely that temporary passivation could be
useful in the study of a range of semiconductor materials other
than silicon, and this area is relatively unexplored.

A future possible application of temporary surface passivation
could be in the development of a revised parameterisation of the
intrinsic lifetime limit of silicon. Although the intrinsic lifetime
limited has recently been revised,!''* there is evidence to suggest
it is in need of further revision as some studies are reporting
lifetimes in excess of the so-called limit.!*>!*
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