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a  b  s  t  r  a  c  t

Recombination  at the  semiconductor  surface  continues  to be a  major  limit  to optoelectronic  device  per-
formance,  in  particular  for  solar  cells.  Passivation  films  reduce  surface  recombination  by a  combination
of  chemical  and electric  field  effect  components.  Dielectric  films  used  for this purpose,  however,  must
also  accomplish  optical  functions  at  the  cell  surface.  In  this  paper,  corona  charge  is seen  as  a potential
method  to  enhance  the  passivation  properties  of  a dielectric  film  while  maintaining  its  optical  charac-
teristics.  It  is  observed  that  corona  charge  can  produce  extreme  reductions  in  surface  recombination  via
field  effect,  in  the best  case  leading  to lifetimes  exceeding  5  ms  at an  injection  of  1015 cm−3. For  a 200  �m
n-type  1 �  cm  c-Si  wafer,  this  equates  to surface  recombination  velocities  below  0.65  cm/s  and  J0e values
of  0.92  fA/cm2. The  average  improvement  in  passivation  after  corona  charging  gave lifetimes  of  1–3  ms.
This  was  stabilised  for a  period  of  3  years  by  chemically  treating  the  films  to  prevent  water  absorp-

2
tion.  Surface  recombination  was kept  below  7  cm/s,  and  J0e <  16.28  fA/cm for 3  years,  with  a  decay  time
constant  of 8.7 years.  Simulations  of  back-contacted  n-type  cells  show  that  front  surface  recombination
represents  less  than  2%  of the  total  internally  generated  power  in the  cell  (the  loss  in power  output)  when
the  passivation  is  kept  better  than  16 fA/cm2, and  as  high  as  10%  if front  recombination  is  worse  than
100  fA/cm2.

©  2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

Crystalline silicon (c-Si) continues to be the leading mate-
ial for solar cell production. In highly efficient mono c-Si cells,
urface recombination of charge carriers is a limiting factor in
chieving optimal performance. Reducing surface recombination,
lso known as surface passivation, is therefore of utmost impor-
ance. Furthermore, as cell geometries in which all contacts are
n the cell’s backside become increasingly popular, front surface
assivation becomes even more crucial. The surface in a semicon-
uctor is an abrupt crystal discontinuity. At a bare silicon surface,
any atoms may  be partially bonded and hence possess dan-

ling bonds that create intermediate band-gap energy levels, also
nown as surface energy traps or surface states, which promote

ecombination [1]. In general usage, the term ‘surface’ refers to

 solid–air interface. However, in practical solar cells, bare semi-
onductor surfaces are not present and recombination actually

∗ Corresponding author.

ttp://dx.doi.org/10.1016/j.apsusc.2017.03.204
169-4332/© 2017 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

takes place at interfaces between the semiconductor and other
materials, typically dielectrics. As such, the term surface passiva-
tion is used here to refer to the mitigation of recombination at
such semiconductor–dielectric interfaces. Good surface passiva-
tion is commonly achieved via the combined action of a reduction
of dangling bonds and a reduction, by use of an electric field,
in the concentration of charge carriers at the surface, normally
known, respectively, as the chemical effect and the electric field
effect [2]. The reduction of minority carrier concentration at the
semiconductor–dielectric interface by field effect passivation (FEP)
can be achieved by using a field established by charge present in
the dielectric film. Dielectric films suited for silicon surface passiva-
tion combine a chemical reduction of defect states and a sufficient
charge concentration for FEP. Additionally, these films are used
as anti-reflection coatings, thus refractive index and absorption
become additional variables to be optimised in the film deposi-

tion process. If antireflection properties can be decoupled from the
passivation efficiency, a very good antireflection film with accept-
able chemical passivation can be enhanced for surface passivation
by using an additional field effect component, applied after film

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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eposition. We  refer to this field effect component as extrinsic FEP.
ntrinsic FEP, by contrast, is that achieved by charge generated dur-
ng film deposition or growth. Optimal surface passivation is hence
ossible in a dielectric film by exploiting both the chemical and
eld effect mechanisms, using intrinsic and extrinsic methods.

Recent work on extrinsic field effect passivation has shown it to
e a potential method to enhance the passivation properties of a
ielectric film while preserving its optical and chemical character-

stics [3]. Such extrinsic FEP can be achieved by depositing ions, for
xample via a corona discharge apparatus, as has previously been
eported [4,5]. Previous research has mainly concentrated on the
ffect of charge on the effective lifetime of minority carriers [6,7],
et very little has been reported about its long term stability and
otential as a controlled method for surface passivation. The ques-
ion remains whether extrinsic charge can be rendered stable such
hat it becomes of practical relevance for solar cell manufacture.
harged dielectric materials have already been successfully used
t industrial level in other fields [8,9]. Such charged dielectric films
re also known as electrets since they exhibit a quasi-permanent
lectrical charge. The charge may  consist of a net absence or excess
f electrons on the dielectric constituent atoms, a net polarisation
f the film, or the presence of ionic species within the film matrix
10]. Charge in electrets may  occur inherently in some polymers
nd biological materials. However, electrets are often formed by
he external injection of charge using discharges, particle beams,
ontact electrification, or injection from a deposited metal at high
elds [10]. Internal injection of carriers is also possible via heat,
r photo injection, but such techniques can physically degrade the
ielectric. This work aims to address the possibility to use inor-
anic oxide electrets as passivation layers for silicon solar cells. For
his, the optimal conditions for deposition of charge using corona
ave been determined and are presented here. The influence of
orona charge on a silicon dioxide film is then studied, with empha-
is on its effectiveness for silicon surface passivation. The stability
f passivation is analysed and approaches are proposed to modify
he dynamic behaviour of corona deposited charge on SiO2. The
ffect and stability of corona charge in laboratory conditions is
eported for periods of over a three years. Lastly, three dimensional
imulations of interdigitated (IBC) back contacted cells show that
ubstantial improvement in energy conversion efficiency would be
ossible if this methodology was adopted.

. Experimental methodology

.1. Sample preparation

This study concentrates on n-type monocrystalline silicon with
esistivity relevant to solar cell manufacture. 4-in., phosphorous
oped, 200 �m thick, planar 1 � cm float zone Si wafers were used.
loat zone Si is preferred to avoid significant defect related bulk
ecombination. Wafers were RCA cleaned and HF dipped prior to
hermal oxidation in a dry dichloroethylene atmosphere at 1050 ◦C.
00 nm thick SiO2 was produced on both sides of the wafers. A
orming gas (5%H2/95%N2) anneal (FGA) was then performed in a
ubset of wafers at 425 ◦C for 25 min. 3 cm × 3 cm samples were
iced from both FGA and none FGA processed wafers. An addi-
ional wafer was textured prior to oxidation using an IPA/KOH
olution. HMDS chemical treatment was then used to provide a
ighly hydrophobic coating preventing water from being absorbed

nto the oxide [7]. Such surface chemical modification of the oxide
as applied in two steps. First samples were subjected to a dehy-

ration step in a box furnace at 400 ◦C for 30 min. They were then

mmediately moved to a beaker placed on a hot plate with HMDS
vaporating at 140–160 ◦C for 20 min. An improved HMDS coating
rocess was achieved on a second set of samples by placing them in
cience 412 (2017) 657–667

a quartz tube furnace and conducting the dehydration step at 200 ◦C
in an argon atmosphere for 30 min. Without removing the samples
from the furnace the temperature was ramped down to 120 ◦C in
∼40 min. Once at 120 ◦C, the samples were coated with hexam-
ethyldisilazane (HMDS) for 30 min  by bubbling argon through an
HMDS solution at room temperature before passing the gas over the
samples in the furnace. This improved process was only applied to
the samples reported in Section 4.3. Ethyl vinyl acetate (EVA, STR
Photocap 15455) lamination was  conducted in a Spire 230 pin-less
laminator at 150 ◦C for 10 min. This was used to test the stability of
the passivation processes to a lamination process typically carried
out in solar cell encapsulation.

2.2. Corona discharge

A custom-built corona discharge apparatus was used to deposit
charge on the oxide thin films. The corona apparatus consisted
of a sharp needle held at a high DC potential (∼10–30 kV) and
positioned 5–20 cm from the grounded sample. Details of the
mechanical design can be found in reference [11]. Here only the
corona charging conditions are described. Fig. 1 illustrates the main
parameters to consider in a corona discharge rig including the mea-
sured current–voltage (IV)  relation for this set up, including point
electrode to sample distances of 8 and 15 cm. Given a point-to-
plane distance dc and a positive corona, a threshold potential VCth
is required before the corona current is produced, Fig. 1b. This was
in the order of 7–8 kV for the positive corona. After the corona is
started, the current to voltage characteristic follows a linear regime
before electric breakdown and sparking at sufficiently high fields.
The breakdown regime was not achieved in this rig at 20 kV for
a distance dc of 8 or 15 cm,  as illustrated in Fig. 1b. In the case
of a negative corona there is no threshold voltage for a corona to
start. Corona current is detected at corona potentials as low as 1 kV.
Moreover, the IV relation for negative corona charge appears more
nonlinear than that of positive.

For a set corona distance, the total deposited charge was esti-
mated by integrating the charge per unit time per unit area landing
on the sample. For a constant corona current Ic and an effective area
for ions to land Ac as illustrated in Fig. 1a, the average concentration
of ions at the surface of the specimen is given by:

QCavg = 1
Ac

t′∫

0

Icdt = 1
Ac

Ict’ (1)

The effective area Ac has been approximated based on the
dimensions of the system here used, considering Warburg’s law
for a point-to-plane corona system [12,13]. It is noted that for this
system the sample cannot be accurately placed in the centre of
the plate and this may  influence charge uniformity [11,14]. Fur-
ther details on point-to-plane corona systems can be found on
references [11,15,16]. The corona potential and current for extrin-
sic FEP was  selected as follows: FEP in dielectric films has been
reported to be produced by a surface concentration of charge in the
range 1011–1013 q/cm2 with a typical value of ∼1012 q/cm2. When
extrinsically adding charge to the dielectric it is desired to produce
small incremental improvements in passivation before the charge
deposited on the film exceeds the film’s breakdown strength, or sat-
urates the improvement in lifetime. For SiO2 the breakdown electric
field strength is 5–10 MV/cm [17]. A field of 5 MV/cm is achieved
when a concentration of charge of ∼1013 q/cm2 is present at the sur-
face of the dielectric. Eq. (1) shows that a charge concentration of

∼3 × 1011 q/cm2 is deposited on the sample when a 5 s, 1 �A corona
discharge is applied to an effective area of 100 cm2. This allows slow
charging before reaching the film’s breakdown strength. Following
the IV characteristics in Fig. 1b, different settings for corona charge
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ig. 1. (a) Schematic of deposition of corona ions including the effective area w
urrent–voltage characteristics of the 8 cm and 15 cm rigs.

ere chosen depending on the objective of the experiment. Typ-
cal values of corona potential and corona current are dc = 15 cm,
c = 15 kV, Ic ∼ 1 �A. The smaller the corona distance the worse uni-

ormity of deposited charge as reported in reference [11]. Other
actors affecting the corona include the point electrode sharpness,
eposition temperature and humidity. Although these were not
tudied systematically some qualitative remarks can be drawn.
harper electrodes produce higher local electric fields such that the
orona sparks at lower potentials and the corona current increases
apidly. Elevating temperatures also reduces the potential at which
he corona sparks and increases the corona current. Humidity has
een previously reported to change the level of hydration of the
orona ions deposited on the surface yet the IV characteristic are
inimally changed [18]. (H2O)nH+ [19] and (H2O)nH3O+ [20] ion

lusters are the main positive charge carriers with a typical n = 4
or ∼50% RH, n∼8 for high RH, and n < 4 for low RH along with for-

ation of NO+(H2O)n and (NO2
+)(H2O)n clusters [19]. In this work

tandard laboratory conditions (RH∼70%, T∼20 ◦C) were used when
epositing corona ions.

.3. Characterisation

Dielectric charge was characterised using Kelvin Probe (KP)
easurements as described in [21]. A Scanning Kelvin Probe 3.1

y KP Technology Ltd [10] was used applying Baikie’s method [11].
P measurements were performed immediately after the charge
eposition and over an extended period of time to test charge sta-
ility. The fixed charge density per unit area, Qf, at the dielectric
urface was estimated as [21]: Qf = −

(
�ms/q − VSurf

)
εi/ti, where

ms is the work function difference between the metal tip and the
emiconductor, measured by taking a KP measurement on bare sil-
con of the same doping concentration, ti is the thickness of the
ielectric coating, q is the electron charge and VSurf is the surface
otential measured using KP. This assumes that all charge resides at
he surface as demonstrated in [21]. Charge displacement and uni-
ormity was evaluated by mapping kelvin surface potential using

 non-feedback XY stage actuated by stepper motors. The lateral
esolution of the stage was assessed to be ∼0.1 mm.  Each KP mea-
urement sampled an area ∼0.2 mm across.

The effective minority carrier lifetime as a function of the excess
inority carrier concentration (�n) was measured using a Sinton
CT-120 photo-conductance decay (PCD) instrument [22], using

oth quasi-steady state and transient modes [23,24]. The mea-

urement of carrier recombination in silicon normally results in
n effective carrier lifetime �eff that contains the contributions of
he surface and bulk mechanisms. The effective minority carrier
ifetime for a silicon specimen as a whole can be expressed as
ions land, the corona distance, the corona potential and the corona current, (b)

the reciprocal sum of the bulk (radiative and Auger) and surface
components, neglecting any bulk defect-mediated recombination:

1
�eff

= 1
�Rad

+ 1
�Aug

+ 2Seff

W
(2)

where Seff is the effective surface recombination velocity (SRV) and
W the thickness of the specimen. Schockley–Read–Hall bulk defect-
mediated recombination was  neglected since high purity FZ wafers
were used, yet it is noted that this may not always be the case [25],
and edge effects could be present too [26]. Radiative and Auger
recombination were characterised using Richter’s parametrisation
of intrinsic lifetime [27]. Eq. (2) has been proved accurate to bet-
ter than 4% when recombination is the same at both surfaces and
Seff W

Dp
< 1

4 [28]. The spatial distribution of minority carrier lifetime
was characterised using photoluminescence (PL) in a BT Imaging
LIS-L1 PL system.

3. Effect of corona charge on SiO2 passivated c-Si

Deposition of corona charge has been previously reported to
reduce surface recombination by means of FEP, thus improving the
effective lifetime of minority carriers [29]. This concept, however,
has never been studied in detail nor has it been used at industrial
scale since corona charge has been seen to decay on a time scale
of days to weeks. In this section, we  firstly illustrate how much
improvement in passivation is possible in silicon relevant to solar
applications (∼1 � cm resistivity). Calculated upper limits to Seff
and Emitter saturation current densities J0e are provided in order
to compare to the state-of-the-art passivation techniques.

3.1. Extrinsic field effect passivation

Effective lifetime as a function of carrier injection is illustrated
in Fig. 2 for oxidised silicon samples deposited with corona charge.
Fig. 2a illustrates lifetime measurements for a planar sample, and
their corresponding KP measurements of charge concentration.
This specimen was subjected to positive corona charge deposi-
tion. The effective lifetime was  observed to increase from 0.1 to
3.4 milliseconds at �n = 1015 cm−3. 3.4 ms  lifetime corresponds to
an upper limit of surface recombination velocity of 1.6 cm/s when
subtracting the Auger and radiative components of the bulk life-
time.

Surface passivation is achieved using two  mechanisms: chemi-

cal and field effect. The quality of chemical passivation in a dielectric
film is determined by the number of interface defect states that
remain at the dielectric/silicon interface (Dit) after film deposition.
Forming gas anneal (FGA) is a standard process to reduce the inter-
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Fig. 2. (a) Lifetime measurements of oxidised planar n-type FZ Silicon when deposited with positive corona charge. Measurements prior and after corona charge deposition
on  forming gas annealed planar samples are included in the open symbols, (b) corrected inverse lifetime for the corona charged specimen in (a) including the best fitted J0e

model of surface recombination.
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ig. 3. Lifetime measurements of oxidised planar n-type FZ Silicon when deposited
ith positive corona charge.

ace defect density after film deposition extrinsically. A subset of
afers was subjected to a FGA to achieve a better chemical pas-

ivation. The improvement in effective lifetime due to extrinsic
hemical passivation is illustrated in the open symbols trace at the
op of Fig. 2a. The FGA increase in chemical passivation resulted in a
ifetime improvement up to 5.2 ms  at �n  = 1015 cm−3. This equates
o an upper limit of SRV of 0.65 cm/s.

J0e values for these passivated specimens can be estimated in
 number of ways. Approximation (5) in [30] is commonly used
eading to J0e = 4 fA/cm2 for bare oxides or J0e = 1.45 fA/cm2 for FGA
xides. Here, a more accurate estimation of J0e was  achieved using
n adaptation of Kane and Swanson’s method [31]: a function
(J0e) = 1/�eff − 1/�int = 2 × J0e

(
Ndop + �n

)
/
(

qWn2
i

)
was fitted

o the 1/�eff − 1/�int experimental data using the least squares
ethod in the �n  = [4–16] × 1015 cm−3 range with J0e as the only

tting parameter. The intrinsic lifetime �int was calculated using
ichter’s parametrisation [27]. The experimental data, fitted f (J0e)

unctions, and extracted J0e values are illustrated in Fig. 2b. For
are oxides a J0e = 5.19 fA/cm2 was calculated while FGA oxides
roduced a J0e = 0.92 fA/cm2.

The front surface of solar cells is commonly textured to enhance
ight trapping. Field effect surface passivation of a double-sided tex-
ured specimen has also been tested here. A 3 cm × 3 cm sample
nderwent the same oxidation step to produce a 100 nm film. It was
hen corona charged until additional charge no longer improved
ffective lifetime. This is illustrated in Fig. 3 including the inferred

harge concentrations from KP measurements. In this textured Si
ample the effective lifetime was observed to increase from 0.015
o 0.25 ms  at �p  = 1015 cm−3. This is an increase of ∼10 fold with a
harge concentration of ∼3 × 1012 q/cm2. This compares well with
Fig. 4. Lifetime measurements of the oxidised silicon specimen in Fig. 2a after charge
removal using isopropyl alcohol and a second deposition of corona charge.

the lifetime increase achieved on planar surfaces, yet the over-
all recombination (lifetime) is substantially higher (lower). Several
early reports on the interface characteristics of Si/SiO2 have shown
that <111> surfaces have 5–10 times higher interface state densi-
ties [32–34]. This, in addition to the ∼70% increase in surface area
in a pyramidal textured surface, account for such lower lifetime
achieved in the textured specimen in Fig. 3, compared to a planar
one in Fig. 2a.

3.2. Influence of surface corona charge in the SiO2/c-Si interface

Excessive deposition of corona charge has been observed to
damage permanently the passivation properties of the oxide-
silicon interface. Fig. 4 shows the effective lifetime of the same
sample in Fig. 2a after it has been rinsed in isopropyl alcohol to
eliminate all surface charge, and is corona charged a second time.
On the second charging cycle, a similar concentration of charge
was deposited, but the effective lifetime reached a maximum value
of 3 ms  at a minority injection level of 1015 cm−3, compared to
3.4 ms  in the first cycle. Comparison of Fig. 2a with Fig. 4 shows
that when the surface charge exceeds ∼5 × 1012 q/cm2 the chemical
passivation properties of the film deteriorate. The mechanisms of
passivation damage or deterioration due to corona discharge were
studied by combining PCD lifetime measurements, PL imaging, and
KP surface potential measurements.

Two specimens were corona charged using a tip-sample dis-

tance dc = 5 cm to reduce uniformity below 50% over a ∼20 cm2

area, and study regions of high and low charge concentration at the
same time. Lifetime and spatial resolved photoluminescence were
recorded as the charge was increased in 5–10 s intervals, Fig. 5.



R.S. Bonilla et al. / Applied Surface Science 412 (2017) 657–667 661

F g time in a corona rig with dc = 5 cm and Vc = 10 kV. PL bias photon flux 9.46 × 1016 cm−2 s−1.
B nsity of a cross section at the location indicated by the white lines in the second column.
A hows Kelvin probe surface potential maps at the end of the charging experiment.
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Fig. 6. Kelvin probe (KP) surface potential and effective lifetime @ �n = 1015 cm−3
ig. 5. Photoluminescence of two oxidised FZ n-Si specimens as a function of chargin
lack  circles in 5th column indicate damaged regions. Bottom row shows the PL inte
rrows indicate progression of the PL intensity as charge increases. Right column s

fter 15–20 s of corona charging, equivalent to a surface potential
f ∼30 V and a surface charge concentration of ∼6 × 1012 q/cm2, it
as observed that an overall reduction of PL intensity, thus effec-

ive lifetime, took place in large areas (>10 mm2) of both samples.
his decrease in lifetime is similar to that observed in the second
ycle of corona charged applied to the sample in Fig. 4. Addition-
lly, several mm-size regions of low lifetime seem to get formed as
orona charge is increased beyond a saturation point, here observed
o occur after ∼15 s of corona charge. These damaged regions are
vident on both samples in Fig. 5 and have been indicated by the
lack circles in the last PL image of the charging sequence. Kelvin
robe surface potential maps were performed at the end of this
harging cycle for both samples, last row in Fig. 5. The surface
otential showed no correlation to the damaged (low PL intensity)
egions marked in the black circles. A charge deposition rate plot
as included in Fig. 5 for this corona rig; dc = 5 cm and Vc = 10 kV.

he spatial PL images in Fig. 5 also show the strong reduction in car-
ier lifetime at the edge of the specimens as a result of unpassivated
leaved edges and sample handling.

A cross-section along the x-axis was included at the bottom of
ig. 5 for the PL intensity 15 mm from the bottom of both samples

 the position shown by the horizontal white lines in the second
L images. These were averaged over 5 pixels to account for mis-
lignment recording the PL intensity. These cross-sections clearly
how the non-uniform increase in sample lifetime as corona is
eposited on the surface of the oxide. The arrows point out the
hange in PL intensity of a region in both samples where PL is
een to decrease after ∼15 s of corona charge, termed here as weak
amage regions. Additionally, the cross section in the last charging
tep shows dips in the PL, strong damage regions, after excessive
harge is deposited. These two types of damage can arise from dif-
erent mechanisms. Firstly, electrical breakdown of the dielectric
an lead to high conductivity channels in the oxide where oxide-
ilicon bonds break thus deteriorating the passivation qualities of
he interface. Given the uniformity observed in the KP potential

aps, such channels are of micron scale and do not reduce the
harge concentration substantially. Such charge produces a field
ower than the breakdown strength of SiO2 typically reported [17],
et the work of Nakamura [35], Schuegraf [36,37] and Verweij [38]

howed that other conduction mechanisms are activated at lower
eld strengths, and these may  produce damage of the Si/SiO2 inter-

ace. The regions circled in the last charging step of Fig. 5 could
resent such a damage mechanism. Secondly, Black and McIntosh
of c-Si oxidised specimens after corona charge deposition. Solid lines show the best
fitted single exponential decay model for lifetime and surface potential in samples
without FGA.

[39] proposed that some deterioration of the chemical passivation
at the Si/SiO2 interface could be caused by electron photoemission
from the silicon which may  then promote hydrogen release from
the interface. For this work it can only be concluded that chemical
de-passivation takes place by one or both of these models.

4. Stability of corona charge in SiO2 passivated Si

4.1. Corona charge leakage

It has been shown that corona discharge can produce very effec-
tive extrinsic passivation of silicon surfaces. Before this passivation
technique can be used at a practical level, it must be shown to be sta-
ble for a lifetime comparable to that of a solar cell (∼25–30 years).
The stability of corona charge was evaluated by recording the KP
surface potential and effective lifetime for a period of time after
charge deposition. For this experiment, 3 cm × 3 cm samples from
FZ wafers with the same thermal 100 nm oxide were deposited with
corona charge to optimal passivation levels as described in Section

2. KP and lifetime measurements thereafter are illustrated in Fig. 6.
Specimens that did and did not undergo FGA were investigated.
Regardless of the forming gas anneal, the surface potential in all
samples decayed to pre-corona levels within 60 to 120 days. A sin-
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Fig. 7. Kelvin probe (KP) surface potential and effective lifetime for HMDS treated
and  corona charged 100 nm oxide specimens. (a) No FGA treatment. (b) FGA treat-
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Lateral charge migration after the improved HMDS chemi-
ent. Solid lines show the exponential decay function fitted to the experimental
ata.

le exponential decay term was fitted to the lifetime decay curve as
 = (�c − �0) e−t/T� + �0 with corona charged lifetime �c and decay
ime constant T� as fitting parameters, and pre-corona lifetime
0 defined by the first measurement prior to any corona deposi-
ion in the sample. Similarly, for surface potential a decay function
surf = V0e−t/TV was fitted. Stability of passivation and dielectric
harge is here quantified using T� and TV parameters. For these
pecimens T� = 9.4 ± 2 days and TV = 12.5 ± 2 days. The fitted curves
re included for the samples without a forming gas anneal in Fig. 6.
he description of KP measurements in Section 2.3 showed that a
ecrease in KP surface potential can be caused either by a decrease

n charge concentration, or a decrease in the distance of the charge
o the dielectric/silicon interface. In the latter case, the net con-
entration of charge would remain unchanged and FEP would be
aintained. Here it is evident that the decay in surface potential

elates well to the decay in surface passivation quality. Addition-
lly, at any point during the test period, other samples were rinsed
ith isopropanol (IPA) and the charge was immediately removed,

hus eliminating the FEP component. This confirmed that charge
ssociated with the oxide remained at the surface, even many days
fter deposition.

The decay mechanism of corona charge in silicon dioxide has
reviously been reported to be due to the loss of charge by lateral
urface conduction on the film [5]. Studies by Olthuis and Bergveld
5,40] demonstrated that SiO2 maintained corona charge poorly
ue to its large lateral surface conductivity rather than its bulk con-
uctivity. They concluded that conduction was due to silanol (SiOH)
roups created at or near the surface of the oxide by chemisorption
f water. Specifically, conduction took place via mobile protons
n SiOH groups, or via hydrogen hopping in water molecules
hysisorbed to the SiOH groups. Additionally, they showed that
hese phenomena could happen through the first 40 nm of SiO2
hin films. To corroborate these observations, three specimens with
urface areas as low as 0.06 cm2 were corona charged with similar
oncentrations to those reported in Section 3. The decay in surface
otential in all specimens was measured over a short period of time
y leaving the sample in the KP instrument for 20–60 h to avoid any
rrors arising from change in the measurement place. Fig. 7 illus-
rates the surface potential measured as a function of time for each
ample. Here, it is evident that smaller samples, in which the sur-
ace path to the edge is smaller, present a higher decay rate thus
upporting the surface conduction mechanism as the main leakage

echanism.
It is also noted that no report has been found on the compen-

ation of corona charge due to dust, air molecules or stray ions
cience 412 (2017) 657–667

present in the environment attaching to the film and screening
charge. Results in Section 4.2 corroborate that no external com-
pensation mechanism is observed. Despite the presence of SiOH
groups, Olthuis and other authors [5,9,41,42] have reported that
SiO2 could store corona charge when the surface conductivity is
reduced using a chemical surface modification. This modification
is shown next.

4.2. Chemical surface modification of SiO2

Olthuis et al. [5,40] demonstrated that the surface of SiO2 films
could be chemically modified to prevent water absorption, and
hence surface conductivity. They proposed that a hydrophilic to
hydrophobic conversion of the oxide surface was possible using
a hexamethyldisilasane (HMDS) protective coating. HMDS effec-
tively substitutes SiOH groups with polar trimethyl silyl groups that
prevent proton conduction or water physisorbtion [43,44]. A set of
3 cm × 3 cm oxidised c-Si samples were treated with HMDS prior
to corona charge deposition. After charging to a surface potential
of ∼13 V (Qf ∼ 2.7 × 1012 q/cm2), the specimen lifetime and surface
potential were measured over a period of 3 years. These measure-
ments are illustrated in Fig. 8. All samples were stored in plastic
bags in laboratory conditions without temperature, humidity or
atmospheric control. It is important to note that optical losses due
to the intermediate HMDS film have not been characterised here
but assumed to be minimal since this process forms a monolayer
film.

The stability of passivation produced by corona charge is here
evaluated over a long measurement period. It was  observed that a
fast decay component occurred during the first 50–100 days reduc-
ing lifetime by 10–15%. After this initial period, a single exponential
decay function (Section 4.1) was fitted and a time constant of effec-
tive lifetime T� ∼ 900 ± 300 days was calculated for samples that
did not undergo FGA prior to HMDS and corona charging, Fig. 8a.
The surface potential in this specimen was seen to decay slower
with a TV ∼ 8000 ± 1000 days, thus showing that a thin SiO2 film
is an effective electret material. Although charge does not notably
decrease, lifetime is seen to slowly decay over the whole period.
The effective lifetime initially increases to 2 ms  after corona charg-
ing, producing a SRV upper limit of 3.7 cm/s at an injection level of
1015 cm−3, J0e < 7.8 fA/cm2. After 1200 days passivation quality has
decayed and the effective lifetime is 0.9 ms.  SRVUL is ∼ 9.7 cm/s,
J0e < 22.1 fA/cm2.

HMDS surface treatment was  also applied to a specimen that
underwent a FGA, gure 8.b. This specimen was  corona charged to
optimal passivation, Vs ∼ 20 V (Qf ∼ 4.2 × 1012 q/cm2), stored under
laboratory conditions, and measured over a period of 1000 days.
The effective lifetime before corona charge deposition is seen to
increase from ∼0.2 ms  to ∼2 ms.  This increase in surface passivation
is not as effective as that previously illustrated in Section 3.1 since
in the 3 cm × 3 cm sample here used lifetime is strongly limited by
edge recombination [26]. Once again, a fast (T63 ∼ 20 days) decay of
lifetime was observed in the first 50 days, yet the HMDS chemical
treatment stabilised the passivation quality thereafter, evidenced
by time constants of T� ∼ 3200 ± 500 days and TV ∼ 30k ± 1k days.
Surface charge was  seen virtually constant over the measurement
period while a small decrease in passivation took place. After 1000
days the passivation quality has decayed and the effective lifetime
is 1.2 ms  and SRV is ∼7 cm/s, J0e = 16.28 fA/cm2.

4.3. Lateral charge migration in HMDS treated oxides
cal treatment (Section 2.1) was assessed by mapping the surface
potential of a specimen using Kelvin Probe measurements straight
after corona deposition, Fig. 9a, and two  years later, Fig. 9b.
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Fig. 8. Kelvin probe (KP) surface potential and effective lifetime for HMDS treated and corona charged 100 nm oxide specimens. (a) No FGA treatment. (b) FGA treatment.
Solid  lines show the exponential decay function fitted to the experimental data.
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pecimen, HMDS treated, right after corona charge deposition (a), and after two  yea

ere, it was confirmed that the uniformity of corona charge
eposition using dc = 15 cm was very good (Vsurf = 13.7 V ± 0.88 V,

 = 2.8 ± 0.08 × 1012 q/cm2). Charge mapping of the same speci-
en  two years later revealed the presence of many small regions
ith substantially lower surface potential than the neighbouring

egions. The average surface potential after two  years, however,
as only reduced by 0.7 V. This indicates a decay time constant

or KP surface potential of TV ∼ 14.8k ± 1k days. A decay time con-
tant of effective lifetime of T� ∼ 2000 ± 500 days was  calculated.
he fitted curve is included in Fig. 9. Lateral charge migration after
wo years was not observed to occur, at least on the scale of 1 mm
iven by the resolution of the KP instrument. This mapping experi-
ent demonstrates that lateral migration can be eliminated when
MDS removes the surface conduction on the oxide, such that
orona charge will not neutralise thanks to water induced conduc-
ion across the surface. Despite this, small, reduced charge regions
an arise either from sample manipulation or, more likely, the pre-
iously mentioned channels in the dielectric where small amounts
f conduction might take place.

.4. Effect of EVA lamination

While it is essential that the extrinsic field enhanced passivation

s stable over operational time periods, to be industrially relevant,
he passivation must also survive a typical solar cell lamination pro-
ess. In order to investigate the stability of the passivation through
he lamination process, an HMDS treated and corona passivated
 lifetime over 2 years. Kelvin Probe surface potential maps of a 100 nm oxidised FZ
laboratory conditions (b).

wafer was laminated with EVA. Recombination in the samples
was characterised using transient photo-conductance decay and
PL imaging with a BTi R1 tool [45]. The photoluminescence images
were post processed using PLPro software [46] to perform point
square deconvolution using the method of Teal and Juhl [47]. In
order to ensure that the laminate did not interfere with photo-
conductance measurements the Sinton WCT-120 instrument was
zeroed with a layer of cured laminate prior to characterisation of
the laminated wafer.

The results in Fig. 10 clearly indicate that there has been an
increase in recombination at the surface as a result of the lamination
process. The minority carrier lifetime measured at �n = 1015 cm−3

decreased from 4.6 ms  to 3.4 ms.  While this represents a signifi-
cant decrease in effectiveness there is evidently still significant field
effect passivation. Furthermore, it is notable that the field effect
passivation is stable after lamination with the lifetime showing no
observable degradation over the subsequent 6 months.

Given the thermal stability of oxide passivation on silicon the
increase in surface recombination is ascribed to a decrease in charge
at the oxide surface rather than an increase in interface trap density.
Charge could be lost to the EVA layer or through lateral transport
to regions of high leakage current such as the wafer edges. The
PL images in Fig. 10 indicate that the increase in surface recombi-

nation is nearly uniform with no observable change in gradients
towards the edges or regions of low charge density. This supports
the explanation that ions are leaking into the EVA at the elevated
temperature.
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Fig. 10. (a) Injection level dependent lifetime measured using transient photo-conductance after corona charging (orange squares), after EVA lamination (yellow triangles) and
6  months after lamination (purple stars), (b) calibrated photoluminescence lifetime image taken before EVA lamination at an average injection level of �n = 6.2 × 1015 cm−3,
( verage injection level of �n = 3.6 × 1015 cm−3. It should be noted that both images were
t  images are an optical effect from the induction coil. (For interpretation of the references
t .)
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Table 1
IBC cell parameters for simulation.

Name Value

Cell thickness 180 �m
Base resistivity (n-type) 1 � cm
SRH bulk lifetime (�n = �p) 2.5 ms
Emitter diffusion sheet resistance 90 �/�
Base diffusion sheet resistance 50 �/�
Front surface field sheet resistance 150 �/�
Un-diffused rear J0, passivated 2 fA/cm2

Emitter diffusion J0, passivated 19 fA/cm2

Emitter diffusion J0, contacted 417 fA/cm2

Base diffusion J0, passivated 215 fA/cm2

Base diffusion J0, contacted 583 fA/cm2

Emitter contact resistance 5 × 10−5 � cm2

Base contact resistance 1 × 10−5 � cm2

External series resistance 0.1 � cm2
c)  calibrated photoluminescence lifetime image taken after EVA lamination at an a
aken  with the same illumination intensity and that the bright circles visible on the
o  color in this figure legend, the reader is referred to the web  version of the article

. Extrinsic field effect front surface passivation in IBC cells

The performance of interdigitated back contact (IBC) cells is
trongly reliant on the diffusion of minority carriers from the place
here they are generated, near the front surface, to the emitter

nd BSF where they get collected. The two main loss mechanisms
n this process are the recombination of carriers in the bulk, and at
he surface of the cell. The former is normally dealt with by having

 clean silicon feedstock and clean processing steps in the manu-
acture. The latter, on the other hand, is addressed by producing

 light n-type diffusion which provides field effect passivation to
he cell’s front surface. This light diffusion is commonly termed a
ront surface field (FSF). When present, the field effect component
f passivation is mainly provided by this FSF and thus the dielec-
ric fixed charge is of lesser importance. However, if the FEP can
e effectively and stably provided by the charge in the dielectric,
he FSF would no longer be needed thus reducing both the process-
ng complexity and thermal budget, and also Auger recombination
osses. The possible replacement of a FSF by using stable dielectric
harge is studied here by simulating an IBC cell using Quokka 2.2.4
48].

The cell reported by Reichel et al. in [49] was used as a model.
t was adapted to evaluate the significance of charge associated

ith the dielectric film and the front surface field produced.
ront surface recombination was parameterised using the dark
ecombination current density J0e parameter, which in turn was
aried to model different recombination rates taking place at the
ront of the cell. The parameters for the modelled IBC cell were
aken to approximate as close as possible those obtained for a
arge emitter coverage, structure A, in [49]. These are listed in
able 1. Fig. 11a illustrates the scheme of the unit cell simulated
ncluding the dimensions of the back diffusions and back con-
acts. Fig. 11b illustrates the simulated IBC cell performance when
ront surface passivation is varied. J0e values ranging from 1 to
000 fA/cm2 were simulated in this IBC cell to cover and extend
hose experimentally found in Section 3. This simulations show
hat the cell performance depends strongly on passivation of the

ront surface, particularly when the quality of the front surface
assivation is poor (J0e > 100 fA/cm2). A loss in efficiency of over
% absolute is observed as front surface recombination worsens
o J0e ∼ 1000 fA/cm2. Open circuit voltage and short circuit cur-
External shunt resistance 105 � cm2

Intrinsic carrier concentration 9.65 × 109 cm−3

rent also deteriorate yet the collection efficiency, and thus Jsc, is
more strongly affected since near-surface photo-generated carri-
ers are lost to surface recombination. When the passivation quality
is improved from J0e ∼ 100 fA/cm2 to J0e < 10 fA/cm2, an increase of
over 1.5% in absolute efficiency is seen, with an efficiency as high
as 24% for this IBC model cell. Similarly, open circuit voltage and
short circuit current density as high as 708 mV  and 40.8 mA/cm2

are possible. The inset in Fig. 11b illustrates a simulation of the J0e
parameter performed in PC1D as suggested by Cabanas-Holmen
and Basore [50]. The effective SRVs were calculated using approx-
imation (5) in [30] for �n = 1015 cm−3 and are displayed in the
right hand y-axis in the inset of Fig. 11b. This simulation com-
prises a lightly doped pn junction in the dark, with and without
a highly doped front surface layer equivalent to the n+ front sur-
face field (FSF) in an IBC cell – i.e. Rs = 150 �/sq. The J0e parameter
was obtained by calculating the dark saturation current density of
this diode for a varying concentration of charge at the surface of
the n-type semiconductor in the pn junction. It is clear that the
presence of a FSF reduces significantly the dependence of surface

recombination, thus J0e, on FEP from dielectric charge. However, in
the absence of a FSF, an extremely well passivated surface can be
produced purely by field effect (J0e ∼ 2 fA/cm2) exceeding the per-
formance of a FSF since Auger recombination losses are avoided in
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Fig. 11. (a) Schematic of IBC solar cell simulated in Quokka including dimensions of the back fields and contacts dimensions, (b) simulated performance of the IBC cell as a
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unction of front emitter saturation current, inset: Simulated dependence of J0e as a
 front surface field, (c) energy loss analysis of the simulated IBC cell including the
ulk  and front recombination losses.

he absence of a FSF. In this work, experimental values of J0e as low
s 0.92 fA/cm2 are reported, Section 3.1, thus showing that the FEP
ssociated with a charged dielectric film can deliver better perfor-
ance than that of a FSF. It is noted that these simulations both in
uokka and PC1D do not account for the extra recombination that

akes place in a textured surface as that present in the front side of
 solar cell. From the results in Section 3.1 it is evident that even
ith the best passivation quality the recombination is about one

rder of magnitude higher in the textured surface.
Finally, Fig. 11c illustrates the energy loss analysis in this simu-

ated cell. When the front surface is extremely well passivated, its
ffect is negligible and the internally generated power is as high as
6.28 mW/cm2, as expected from the larger Voc and Vmpp obtained
hen the quasi-Fermi levels are farther apart. As the front surface
assivation is reduced, substantial losses arise and less internal
ower is available. Typical experimental values of J0e are in the
0–100 fA/cm2 range [49,51,52], yet it is clear that values well
elow 10 fA/cm2 are desirable for optimal cell performance.

. Discussion

The use of corona charge on oxidised FZ-Si has been shown to
roduce a strong reduction of surface recombination provided by
xtrinsic FEP. When corona charge is deposited on top of thermally
rown oxides, SRV < 2 cm/s, J0e < 7 fA/cm2 are readily achieved at

 minority carrier injection of 1015 cm−3. When oxides are addi-
ionally submitted to a forming gas anneal surface recombination
arameters reduce to SRV < 0.6 cm/s, J0e < 3 fA/cm2 upon corona
harge deposition. To the authors’ knowledge, this is among the
owest surface recombination velocity achieved on ∼1 � cm n-type
rystalline silicon passivated with a thermal oxide. This level of
assivation compares or outperforms several state-of-the-art pro-
esses including the ‘alneal’ process reported by Kerr and Cuevas
53], the oxide/PECVD nitride layers used by Larionova [54], the
emote PECVD nitride used by Richter [27] and fast ALD AlOx

eported by Werner [55]. This comparison is outlined in Fig. 12. It
s evident that the controlled and uniform FEP methods used here
and in previous publications by the same authors) are as effective
nd, in some cases, better than state-of-the-art and expensive tech-
ologies. Additionally, extrinsic FEP allows more flexibility in the
ombined optimisation of the optical properties, and the chem-
cal and field effect passivation properties of dielectric films. If
mplemented at solar cell level, silicon dioxide films with enhanced

hemical and FEP as reported in this work could be used in combi-
ation of optically optimal films, such as silicon nitride or titanium
xide. This makes extrinsic passivation a potential technology to
urther reduce recombination losses in high efficiency silicon solar
ion of front surface charge in the dielectric for a n silicon surface with and without
r collected and power lost from bulk and interface resistive losses, and from rear,

cells. Furthermore, the versatility, low cost and now improved sta-
bility of extrinsic FEP makes it an extremely promising passivation
approach to be used at the industrial scale.

When applied to a textured surface, extrinsic FEP produces
a proportional reduction in surface recombination velocity yet
effective lifetimes achieved are substantially lower (one order of
magnitude) than for planar surfaces. This is not surprising since,
in textured Si, the passivated surface is a <111> face of the pyra-
midal structure, rather than the <100> face of a planar one, and
<111> faces have approximately 5–10 times higher state densities
[32–34] at the Si/SiO2 interface, and a ∼70% increase in surface
area. Surface recombination has rarely been studied on textured
surfaces, yet these are the ones used in practical Si solar cells. From
these results, however, it is noted that although textured <111>
surfaces present less chemical passivation, the effectiveness of FEP
in increasing lifetime is comparable to that achieved on a <100>
surface. It is also noted that the calculation of effective SRV and
the J0e parameter used for planar surfaces does not directly apply
to a textured one [59], thus values of these surface recombination
parameters have not been reported for the textured silicon used
here.

This work has also shown a step towards solving the stability
issue when using extrinsic corona charge passivation. Surface con-
duction due to silanol groups and water absorption was  identified
as the primary source of charge leakage. This leakage was  largely
eliminated by HMDS treating the thermally grown SiO2 films at
low temperatures, 100–200 ◦C. In treated oxide films, retention
of charge was  reported for periods exceeding 3 years, the longest
reported on an inorganic electret film. The quality of surface pas-
sivation, however, decreased with a decay time constant of ∼1000
days. When the dielectric film had undergone a FGA, corona charge
was equally stable while effective lifetime decayed at a slower rate,
with time constant of ∼3000 days. Overall, these methods showed
that a substantial improvement in the stability of surface passiva-
tion can be achieved, thus showing a real potential of extrinsic FEP
to be used in industrial manufacture of silicon solar cells.

In this work it was  also found that some deterioration of the
passivation takes place over long periods of time despite observ-
ing that the charge concentration averaged throughout the sample
surface is very stable. The charge stability was  tested both using
single-point measurements, and larger area maps of surface poten-
tial. When using single-point measurements, no decay could be
observed over 3.5 years given the accuracy of the KP instrument.
Using KP potential mapping, on the other hand, a number of small

∼1–3 mm2 regions with partially lost charge where detected after
1.5 years in laboratory conditions, yet no lateral migration could
be evidenced within the lateral resolution of the technique. This
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ig. 12. Comparison of record passivation quality obtained using state-of-the-art te
uffix),  [56–58].

ndicates that HMDS is effectively eliminating lateral conduction
echanisms in the oxide, yet there seems to be a number small

bad’ spots on the oxide. These small, low surface potential regions
uggest that a component of bulk conduction in the oxide is present
t those regions, presumably caused by small break down channels.
his leads to leakage of the corona charge through the oxide, and
t is more commonly observed at high surface potential regions.
t is also possible that this may  be due to sample manipulation
nd storage, or imperfections in the wet oxide growth process as
evealed by PL imaging in Section 3.2. Despite this leakage com-
onent, the average surface potential for the measured specimen
nly reduced by 0.7 V (∼5 × 1010 q/cm2). Given the lateral resolu-
ion of the surface potential mapping, it is not possible to infer if
he overall reduction in surface passivation is only due to a loss of
harge. The results here suggest that the reduction in overall sur-
ace passivation is mainly due to a loss in the chemical quality of
he interface, and a small loss in field effect passivation provided
y the corona charge. When corona charging oxide films it was  also
bserved that an oversaturation of charge could lead to a chemical
oss in passivation quality, both in small millimetre sized regions,
nd large areas of the sample. This would appear to be a chemi-
al de-passivation mechanism related to the high electric field at
he interfaces. Two models have been suggested for this mecha-
ism. Firstly, the creation of micro-breakdown channels product
f weakening of the dielectric [17]. Secondly, the hydrogen release
rom the Si/SiO2 interface due to highly energetic electrons photo-
mitted from the Si [39]. The exact nature of the de-passivation
echanism was not studied in this work; thus it is only proposed

ere that one or both of these mechanisms could be responsible for
he loss in passivation.

Despite the improved stability of corona FEP in these oxide films,
he small decay in passivation observed could hinder the energy
utput of solar cells in the long term. To evaluate this, the direct
ffect of front surface passivation on the performance of an IBC
ell has been assessed using simulations on Quokka. The device
arameters reported by Reichel in [49] were chosen to simulate

 model cell and evaluate the effect of recombination at the front
urface. It was shown that all cell parameters are sensitive to front
ecombination, especially when the passivation is poor. Efficiency
nd Jsc were more susceptible to changes in front surface pas-
ivation. The energy loss analysis conducted showed that when
he front surface J0e was kept below 20 fA/cm2, as would be the
ase in the specimen in Fig. 8 after 3.5 years, the percentage of
ower loss from front surface recombination was below ∼25% of

he total losses, and only ∼2.3% of the total internally generated
ower. If, on the other hand, front surface passivation degrades
o J0e > 100 fA/cm2, the front recombination contributes to >50% of
he total power losses, and >8% of the internally generated power.
ues and the passivation achieved using the techniques proposed in this work (‘Ox’

When data in Figs. 2 and 3 is placed in the context of these simula-
tions, it is possible to see that a decay in J0e from 7.2 to 23 fA/cm2,
similar to that observed experimentally after 3.5 years, is equiva-
lent to a reduction of 0.33% absolute efficiency, �Voc > 7 mV,  and
�Jsc > 0.23 mA/cm2. With a decay time constant T63� ∼ 3200 days
(best obtained in the present work) the experimental effective life-
time of the specimens in this work would extrapolate to about
200 �s in 30 years, leading to J0e ∼ 100 fA/cm2. Efficiency would
thus reduce by ∼2% absolute, �Voc > 25 mV,  and �Jsc > 1.6 mA/cm2.
This shows that despite the great effectiveness of corona field effect
surface passivation, the small decay observed over the 3 years of
these measurements still seems greater than that required for a
commercial solar cell intended to last for 25–30 years. In addition,
HMDS is an organosilicon compound and no report of its long term
stability in harsh environmental conditions has been published to
date. HMDS is thus unlikely to be a practical solution for silicon solar
cells that must endure ultraviolet radiation, humidity, and thermal
bonding to polymers for cell encapsulation. It is hence required to
have further improvements in the stabilisation of the passivation.

7. Conclusions

In the present work it has been demonstrated that FEP can be
applied extrinsically to thermally grown silicon dioxide to improve
its passivation quality, producing lifetimes as high as 5 ms  at an
injection of 1015 cm−3, which equate to surface recombination
velocities below 0.65 cm/s, on n-type 1 �cm c-Si, equivalent to
J0e values of 2.88 fA/cm2. Both planar and textured silicon sur-
faces showed a decrease in surface recombination of 2–10 times
when charged using corona discharge. These results show that very
large improvements in the passivation properties of films can be
achieved by modifying their charge density. Average improvements
of 1–3 ms  were routinely obtained and stabilised for periods of at
least three years. Chemical processing of the oxide was observed to
be a requirement for long term stability. SRVs below 7 cm/s were
demonstrated by the end of the measurement period indicating a
decay time constant of the passivation of 3200 days. The chem-
ical treatment applied represents a potential method to produce
controlled and stable field effect passivation for solar cells, yet the
stability needs to be extended to the lifespan of a practical solar cell
because simulated solar cells showed an extrapolated decrease in
passivation to J0e ∼ 100 fA/cm2 after 30 years.
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