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A B S T R A C T

The alneal is one of the most effective methods of electrically passivating a silicon surface, and has been used by
numerous research groups since the 1980s. In this work, we present an enhanced alneal process that sub-
stantially improves its effectiveness. Previously, the success afforded by the standard alneal has been attributed
to the chemical passivation provided by hydrogenation of the Si-SiO2 interface. However, the work presented
here shows that it is possible to enhance the surface passivation by simultaneously introducing a component of
Field Effect Passivation (FEP). Where the standard alneal is seen to provide lifetimes of ~2.1 ms, equivalent to a
surface recombination velocity (SRV) of 3.3 cm/s, the enhanced alneal can provide a lifetime of 5.6 ms on
1 Ω cm, n-type Si, equivalent to a SRV 0.4 cm/s. The charge required for this enhanced passivation can be
introduced in the order of minutes and has the potential to be introduced at the same time as the aluminium is
deposited, thus, resulting in no extra processing time. Secondary ion mass spectroscopy showed that the nature
of the charge is likely to be K and Na cations residing at the Si-SiO2 interface. The possibility of increasing the
surface passivation beyond that of the standard alneal points to the importance of both chemical and field effect
components of passivation, and is therefore of significant interest to high efficiency silicon solar cell research.

1. Introduction

In the silicon solar cell industry, the efficiency of a cell is restricted
by the recombination of carriers both in the bulk and at the silicon
surface. To achieve high efficiency cells, this recombination must be
reduced. Recombination in the bulk can be reduced using gettering
techniques and/or better feedstock production [1–3], by introducing
hydrogen [4,5], or by switching to n-type monocrystalline silicon [6].
However, as the bulk lifetime increases, the need to reduce surface
recombination becomes more pronounced. The silicon surface is often
highly recombination active due to the abundance of band-gap states
that exist due to dangling bonds. The electrical effects of these defect
states can be reduced by a process known as passivation. There are two
passivation approaches, which are frequently used in conjunction with
one another. Firstly, the number of band-gap states can be reduced by
introducing a dielectric coating, which sometimes contains atomic hy-
drogen, and acts to saturate the dangling bonds. This is referred to as
chemical passivation. Secondly, carrier access to the recombination
active band-gap states situated at the silicon surface can be reduced.
This is accomplished by producing an electric field that repels one type
of carrier from the surface and is known as Field Effect Passivation

(FEP). The alneal, named such by Deal [7], is one of the most effective
methods of passivating the Si-SiO2 interface [8–12]. It was char-
acterised using photoconductance decay (PCD) effective lifetimes by
Kerr and Cuevas [9], where a lifetime of 6 ms on 1.5 Ω cm n-type FZ Si
was achieved. This is equivalent to a surface recombination velocity
(SRV) of 1.7 cm/s, when calculated using the method reported in [13],
which is briefly described in Section 2 of this paper. The alneal was
deemed such an effective passivation technique that it was used in
characterising Auger and radiative bulk recombination by Kerr and
Cuevas [14]. The alneal process involves evaporating aluminium, ~
0.1–1 µm thick, onto an oxidised silicon sample which is then annealed
at 400 °C for 25–30 min [12,15], usually in forming gas (5% H2, 95%
N2), before the aluminium is etched off in phosphoric acid at 80 °C
[8,9]. It has been suggested that the passivation achieved by the alneal
is due purely to chemical passivation [10,16]. The source of this che-
mical passivation is postulated, first by Balk [17], to be due to a reac-
tion between the aluminium and water or hydroxyl ions present in or on
the SiO2 layer [18–22]. This reaction is reported to release atomic hy-
drogen that is then free to diffuse across the oxide and passivate dan-
gling bonds at the oxide-silicon interface [10–12,16,23]. In this work, it
is demonstrated that it is possible to enhance the quality of this already
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outstanding surface passivation by the addition of a field effect com-
ponent due to the presence of Na and K ions at the Si-SiO2 interface,
where they are known to be stable [24]. Moreover, this improved
passivation can be accomplished during the alneal process without the
need for further processing steps.

2. Experimental methods

In this work, two sets of Float Zone (FZ), 1 Ω cm, n-type, Si wafers
were used. Set A, was entirely processed at ANU. The wafers were
195 µm thick, oxidised to 140 nm at 1050 °C in dry oxygen with cooling
performed in nitrogen. The other set, set B, were 200 µm thick, oxidised
to 100 nm in oxygen and dichloroethylene at 1050 °C at Fraunhofer ISE.
The alneals were carried out in two separate laboratories. For set A,
which achieve standard alneal results, the full 4″ wafer was coated on
both sides with 100 nm 99.999% purity aluminium, thermally evapo-
rated using a tungsten boat. The alneal for these wafers was done at
ANU in forming gas at 400 °C for 30 min. After oxidation, set B wafers
were entirely processed using the Materials Department semiconductor
cleanroom at Oxford. These wafers were cleaved into 3 × 3 cm2 life-
time samples before ~ 100 nm of 99.999% purity aluminium was
thermally evaporated onto both sides using a tungsten coil. Sample set
B was alnealed in a tube furnace under an argon atmosphere at 400 °C
for 30 min. The use of two different gas ambients at ANU and Oxford
should have little effect on the passivation achieved as noted in Ref
[20]. After the alneals, the aluminium in set A was etched off using
warm (≤ 80 °C) phosphoric acid, and in set B using commercial alu-
minium etchant (phosphoric acid 60%, acetic acid 3.5%, nitric acid
2.5%). It will be shown that set A samples exhibited behaviour typical
of other alneal results reported in the literature whilst set B samples
exhibited markedly improved performance. The set A and B samples
will subsequently be referred to as “standard” and “enhanced” alneal
respectively. A small quantity of Cz, ~40 Ω cm, n-type silicon, oxidised
to 100 nm was also used for aluminium anneals. These are not referred
to as alneals because the samples were smaller than appropriate for
lifetime measurements and therefore aluminium was only deposited on
one oxide surface prior to the anneal, as is adequate to measure inter-
face charge using capacitance-voltage. These samples were thermally
oxidised in the semiconductor cleanroom at Oxford to 100 nm in a pure
oxygen atmosphere, with a nitrogen cool.

Sinton photo-conductance decay (PCD) measurements were taken to
calculate the effective lifetime of the silicon specimens. All lifetime
values are quoted at an injection level of 1015 cm−3 unless indicated
otherwise and taken at 25 °C. Once an effective lifetime measurement
has been made it is common to convert this into a surface recombina-
tion velocity (SRV). This describes how effective a surface is as a re-
combination site. The lower the value, the less recombination occurs
and the better the passivation. This parameter is useful when discussing
surface passivation as, unlike lifetime results, it is independent of
sample thickness and, under certain circumstances described by
McIntosh and Black [25], independent of doping concentration. Luke
and Cheng [26] showed that the SRV can be considered as a function of
the sum of decaying exponential terms of effective lifetime. The
dominant term is the first mode. From equation A7 in [26] or Eq. (2) in
[27] SRV can be calculated as:
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where W is the wafer thickness, D is the ambipolar carrier diffusion
coefficient and τs is the surface lifetime as described by:
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where τeff is the effective lifetime, measured by the Sinton lifetime
tester, and τb is the bulk lifetime. The bulk lifetime comprises three

lifetimes, determined by three types of recombination: radiative τrad,
Auger τAug and defect mediated, the latter is characterised by Shockey-
Reed-Hall statistics τSRH . Richter's parameterisation [28] is used to
calculate the Auger and radiative recombination, using coefficients for
radiative recombination as defined in [29,30]. As monocrystalline n-
type FZ silicon is used for all lifetime measurements in this work, the
defect mediated recombination was assumed negligible for SRV calcu-
lations. In order to calculate D, Klassen's mobility model [31] was
employed using the online calculator of PV Lighthouse [32].

Another metric used to characterise how good a dielectric is at
passivating the silicon surface, is the emitter saturation current density
(J0e). J0e represents the loss due to recombination in the emitter and at
the surface. However, in this work surface saturation current density
(J0s) values are quoted, as there is no emitter present. In recent work by
McIntosh and Black [25], they report that J0s is independent of doping
concentration for the majority of practical conditions. For this reason, it
may even be considered to be a preferable metric for surface passiva-
tion than SRV. J0s has been calculated based on Mäckel and Verner's
work [33] and using an iterative algorithm as proposed by Kimmerle
et al. [34], and also detailed in reference [13], with the effective in-
trinsic concentration is calculated using Pässler's model [35] im-
plemented online by PV lighthouse [32].

As mentioned in the introduction, there are two forms of surface
passivation, chemical and field effect. Chemical passivation is quanti-
fied by the density of surface states, otherwise termed interface traps
(Dit), and the relative capture cross sections of such traps. The density
of interface traps is a measure of how many trap levels exist in the
forbidden band-gap. These trap levels are caused by defects, such as
dangling bonds, and act as recombination centres for holes and elec-
trons. As chemical passivation is introduced the density of interface
traps decreases, or their capture cross section reduces. The density of
traps Dit varies across the band-gap, thus is an energy-dependant
quantity with units eV−1 cm−2. It is convention to quote the density of
interface states at mid-gap as this is where the most effective re-
combination traps lie. In this work, Dit is calculated using the Terman
[36] high frequency CV method. However, this technique is known to
be relatively inaccurate, so the Dit values reported may only approx-
imate the true values [37]. For a Si-SiO2 interface, the capture cross
sections are well characterised for both as-oxidised and alnealed in-
terfaces. The capture cross section varies with trap energy and reports
of these values can be found in section 4.2 of Ref [16].

Field effect passivation is provided by charge in the dielectric.
Charge residing anywhere in the dielectric produces a space charge
region at the surface of the silicon, causing the bands to bend and one
carrier type to be repelled from the surface. This reduces access of that
carrier type to the recombination active interface traps, and thus lessens
recombination at the surface. Two techniques are used to measure di-
electric charge density directly. Kelvin Probe is used to infer charge
near the surface of the dielectric using measurements of surface po-
tential, and the capacitance-voltage (CV) technique enables charge at,
or close to, the Si-dielectric interface to be calculated from flatband
voltage shifts. These two techniques, and the way in which the mea-
surements can be used in conjunction with one another to locate charge
within the dielectric, are explained in Ref [38]. CV measurements were
taken either using the mercury probe (Hg-CV) technique or an Al dot of
2 mm diameter, thermally evaporated through a mask. Both types of
passivation, chemical and field effect, will cause an increase in the
sample lifetime. However, it is valuable to know which type of passi-
vation the lifetime increase is due to. Identifying this may enable ap-
propriate, cheap, effective passivation techniques to be developed.
From a lifetime measurement alone, it is not evident which type of
passivation is responsible for the increase in lifetime, hence, there is the
need for Dit and dielectric charge calculations.

Thermally Stimulated Ionic Conduction (TSIC) measurements were
used to quantify the concentration of ions that migrate across the oxide
at elevated temperature under an external bias. For these
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measurements, a metal-oxide-silicon (MOS) structure was required. The
metal front contact and silicon then act as electrodes that a voltage can
be applied between. This results in a voltage drop across the MOS,
which can be applied at elevated temperature in air ambient. The
current between the two electrodes is monitored while the voltage is
applied by use of a source measure unit (SMU). This enables the mi-
gration of ions, which produce an electrical current, across the MOS
structure to be recorded. Thus, TSIC experiments allow the magnitude
of this current to be characterised as a function of temperature, applied
bias and time. The set-up is shown in Fig. 1. For these experiments,
MOS capacitor samples were prepared by removing the back oxide
using HF and evaporating aluminium onto the bare silicon to create a
back contact. The front contact was created by evaporating a metal dot
of 2 mm diameter through a contact mask onto the SiO2. A voltage was
applied between the silicon bulk and the top metal dot while the sample
was on a hotplate and the temperature controlled. The voltage con-
tinued to be applied as the sample cooled to minimise diffusion of the
ions back to their original position. The current between the contacts
was recorded using LabVIEW. This current reading could then be in-
tegrated, with respect to time, and used to calculate the movement of
charge between the two electrodes. At the temperatures used, and with
the voltages applied, other current mechanisms were found to be one or
two orders of magnitude smaller than the measured current when ions
were present. Thus, in this work, the measured current is approximated
to be due entirely to the migration of ionic charge through the MOS

structure and the charge concentration calculated from the integral of
the current is taken to be equivalent to the charge migrated to the Si-
SiO2 interface. In addition, CV measurements of the samples after TSIC
processing were made as an independent measurement of the Si-SiO2

interface charge. The hot plate was also used for anneals on some small
samples. Unlike the lifetime samples, that were annealed in the tube
furnace under argon ambient, the hotplate anneals were completed
under an air ambient. The temperature of the hotplate was monitored
and controlled via a LabVIEW software. A K-type thermocouple, placed
next to the sample, measured the temperature. This was recorded by the
LabVIEW software and controlled via a PID using the thermocouple as
the sensing element.

3. Effective lifetimes in enhanced alneal processed material

The standard alneal process is known to provide one of the most
recombination inactive Si-SiO2 interfaces [9,13,14]. In the literature,
the highest quality alneal is reported to achieve an SRV of 1.7 cm/s
[9,13]. This already shows a substantial reduction in the recombination
activity of the interface compared to an as grown Si-SiO2 interface. A
typical, thermally grown oxide-silicon interface would produce a SRV
of 50–150 cm/s [39,40]. In this work, alneal samples with ex-
ceptionally high lifetimes are reported. As mentioned in Section 2, these
are referred to as enhanced alneal samples due to the enhanced surface
passivation. Fig. 2 shows the injection level dependant lifetimes for two
standard alneal wafers (experimental set A) and four enhanced alneal
samples (experimental set B). An as-oxidised sample from the speci-
mens used for the enhanced alneal is shown for comparison.

The highest lifetime achieved by an enhanced alneal sample was
5.6 ms at Δn = 1015 cm−3. This is equivalent to a SRV of 0.4 cm/s.
Considering the size of this sample (3 × 3 cm2), the lifetime was likely
limited by edge, rather than by surface, recombination [41]; thus im-
plying the actual SRV could be significantly less. In comparison, the
standard alneal wafer achieves a lifetime of 2.2 ms, the equivalent to a
SRV of 3.3 cm/s which is believed typical of standard alneal material
[40,42]. The high lifetimes achieved by the enhanced alneal are un-
precedented and understanding the type of surface passivation produ-
cing them is therefore of significant importance.

Previous works have concluded that the effectiveness of the alneal is
entirely due to chemical passivation [10,23]. The dielectric-silicon in-
terface chemistry has been routinely characterised by its density of
states D E( )it . However, in the well-accepted Shockley-Read-Hall (SRH)
[43,44] theory of defect-mediated recombination, the effectiveness of
the interface as a recombination site is in fact characterised by the
energy-dependant electron capture velocity =S E v D σ( )n th it n, and hole
capture velocity =S E v D σ( )p th it p, where σ represents the capture cross

Fig. 1. Thermally Stimulated Ionic Conduction (TSIC) (a) sche-
matic and (b) typical measured parameters during the experi-
ment.

Fig. 2. Injection level dependant lifetimes of standard alneal, enhanced alneal and as-
oxidised samples. The numbers associated with the standard and enhanced alneal samples
are for sample identification.
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section of the states, and vth the thermal velocity of the carriers. Che-
mical passivation thus aims to reduce both the Dit and σn p, for a parti-
cular dielectric-silicon interface. A theoretical evaluation using SRH
theory has been performed here to estimate the effective lifetimes ex-
pected from the standard alneal as reported by Eades [45], and Kerr and
Cuevas [9], considering the up-to-date parametrisation for bulk lifetime
in silicon reported by Richter [28]. An excellent estimate can be
achieved by assuming a uniform density of interface states for all en-
ergies, here referred to as Dit for simplicity. This approximation helps to
compare the Dit parameter used in modelling, with the mid-gap Dit
commonly measured and quoted in the literature. The effective lifetime
is then calculated as [46–48]:

∫
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where τRad is the minority carrier lifetime subject to radiative re-
combination, τAug is the minorty carrier lifetime subject to Auger re-
combination Sp n0, 0 are the energy independent surface recombination
parameters of holes and electrons at mid-gap, ns is the carrier con-
centration at the silicon surface and Δnd is the excess minority carrier
concetration at depth d, the depth at which any surface charge has a
negligible effect on band bending. An algorithm, based on work by
Girisch et al. [47] and Aberle et al. [48], was used to solve Eq. (3). The
algorithm incorporates the contribution from photo-generated carriers,
and accounted for dielectric film charge located anywhere in the di-
electric Qf , the silicon surface space charge region Q n p( , )Si s s , and
charged interface states Qit . Fig. 3 illustrates the solution to Eq. (3)
using this algorithm for a typical alnealed Si-SiO2 interface. Several
studies have been performed on the Si-SiO2 interface to determine the
Dit and σn p, . Here, a range of Dit mid-gap values have been used to
exemplify the typical and lowest reported in the work of Eades [45] and
Nicollian [37], while σn p, have been taken as typical as reported by
Aberle [16].

According to the extended-SRH model, in the absence of additional
FEP, with a low film charge concentration of Qf = 109 q/cm2, a lifetime
of 5.6 ms (as the enhanced alneal) would require a Dit below
109 eV−1 cm−2. Eades [45] and Aberle [16] report some of the lowest
values of Dit for alnealed Si-SiO2 interfaces in the range of 1–5 ×
109 eV−1cm−2. From this, it is extremely physically unlikely that a

Dit < 109 ev−1cm−2 would be characteristic of the samples used for the
enhanced alneal. Especially as these samples did not undergo a post
oxidation high temperature anneal in argon as the samples used by
Eades and Aberle. Even if the enhanced alneal samples were to have an
extremely low density of interface traps (109 eV−1 cm−2), the model-
ling in Fig. 3 shows that an aspect of FEP would be necessary to achieve
the lifetimes reported. This indicates that the enhanced alneal passi-
vation is likely to be due to the presence of dielectric charge, and that
this charge is responsible for the substantial difference in lifetime of the
standard and enhanced alneal.

To investigate the impact of increasing dielectric film charge con-
centration (Qf ) on alnealed samples, one of the standard alneal samples
was cleaved into a quarter wafer and corona charge [38] was deposited
onto both oxidised surfaces of the sample in incremental steps. After
each deposition, both the effective lifetime of the sample was measured
and a KP measurement was taken to calculate the surface charge den-
sity of the corona deposition. The effective lifetime variation with di-
electric surface charge is shown in Fig. 4.

From Fig. 4 it is clear that the addition of FEP is indeed capable of
improving the lifetime of a standard alneal specimen. By increasing the
oxide surface charge to +8.3 × 1011 q/cm2, the effective lifetime at Δn
= 1015 cm−3 improves from 2.65 ms to 5.35 ms. This increase is the
equivalent to the SRV reducing from 2.4 cm/s to 0.5 cm/s. This latter
SRV shows a significant improvement on any SRV reported solely due
to the standard alneal process and reiterates that FEP can improve the
passivation, already considered high quality, of the alneal. In fact, the
lifetime achieved by the standard alneal with the addition of FEP
corona charge is equal to that of the enhanced alneal, 5.35 ms and
5.64 ms respectively. This reinforces the hypothesis that there is charge
present in the enhanced alneal that is facilitating such a high lifetime
and low SRV.

4. Passivation mechanisms in the enhanced alneal

The enhanced alneal samples shown in Fig. 2 were characterised to
establish whether there was charge present in the dielectric. Both CV
and KP measurements were taken to calculate Qf -the total concentra-
tion of dielectric charge. In all cases, the KP measurements were found
to be negligible, indicating insignificant charge near the surface of the
oxide. Therefore, the Qf obtained has been referred to here as the
charge at the Si-SiO2 interface Qinterface. It was found that CV measure-
ments of Qinterface differed between the standard alneal and the enhanced
alneal. For the standard alneal samples, the interface charge was within
the typical range of an as-oxidised Si-SiO2 interface (5 × 1010 to 2 ×
1011 q/cm2 [16]), with a charge concentration of ~6 × 1010 q/cm2.

Fig. 3. Simulated injection level dependant effective lifetimes showing Dit mid-gap values
for an alnealed interface (typical, 1010–1011 eV−1 cm−2, and extreme, 109 eV−1 cm−2)
[5,10,14,36] and dielectric film charge Qf for an as-grown thermal silicon dioxide (ty-

pical, 109 to 1010 q/cm2, and extreme, 1011 q/cm2) [16].

Fig. 4. Injection dependant effective lifetimes for standard alneal 1 with the addition of
positive charge to the oxide surface (Qsurface) from corona.
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Whereas, for the enhanced alneal samples, the interface charge calcu-
lated from CV measurements was over an order of magnitude higher at
~1012 q/cm2. It is thus concluded that the anomalously low SRV values
provided by the enhanced alneal are due to the presence of increased
interface charge, which is absent in standard alneal specimens. This
indicates that the increased charge is able to enhance greatly the pas-
sivation provided by a standard alneal.

The characteristics of both the standard and enhanced passivation
samples are presented in Table 1. The techniques used to calculate the
reported values are described in Section 2. Before the enhanced alneal
treatment, the samples showed an interface charge of ~ 2 × 1011 q/
cm2 and a Dit of ~ 1011 cm−2 eV−1. It should be noted that the Terman
method was used to calculate Dit so the values reported should be
considered only to approximate the true value.

It was hypothesised that the increased interface charge was due to
the presence of ionic contaminants that were present for the enhanced
alneal specimens but were not present in the standard alneal specimens.
As the density of silicon surface atoms is ~ 7 × 1014 cm−2 [16], this
concentration of interface ions would represent only ~2 × 10−3 of a
monolayer and appears not to compromise chemical passivation. This
was tested by TSIC measurements at 300 °C with a 5 V bias performed
using an aluminium front contact deposited in the same laboratory
(Oxford) as the enhanced alneal specimens. The TSIC showed an ionic
drift current and resulted in a further increase in interface charge, as
shown in Table 1. Due to the small area of the TSIC process, these
specimens could not be used for lifetime measurements. The magnitude
of charge introduced also discounted the possibility of Dit analysis as it
was beyond the equipment measurement range. It is likely that during
the enhanced alneal, some of the ions, which are assumed to be re-
sponsible for the interface charge, diffuse through the oxide to the in-
terface. However, when TSIC is performed a greater number of ions are
able to reach the interface because the applied electric field provides a
larger driving force for ionic migration than diffusion alone.

Once interface charge was identified from CV measurements, the
cause of the charge was investigated. It was assumed to be an ionic
species at the Si-SiO2 interface and thus SIMS measurements were
conducted at Aystorm Scientific Ltd. Due to limitations of equipment
sensitivity, these measurements were only performed on the enhanced
alneal specimens that had undergone TSIC. The SIMS results are dis-
played in Fig. 5 and show that both sodium and potassium are present
at the Si-SiO2 interface. Note that the broadening of the impurity peaks
across the Si/SiO2 interface can be an artefact of the technique.

The predominant impurity elements detected were sodium and
potassium as shown in Fig. 5. Previous work has shown that, when
intentionally contaminated via thermal evaporation of salts, it is pos-
sible to diffuse, or drift, both of these ions into a thermally grown SiO2

film where they will reside at the Si-SiO2 interface in a charged state
[49]. However, for this sample, no intentional Na or K contamination
had occurred. In addition, Fraunhofer ISE who performed the oxidation
had no evidence of contamination occurring during that process. CV
measurements on samples which had not undergone an anneal after
aluminium deposition also showed no interface charge. Such charge

appeared only after aluminium deposition and annealing (in the Oxford
cleanroom). Since other processes conducted in this cleanroom use Na
and K; it is thought that these will be the source of the metal con-
tamination which then becomes mobile during the anneal and are re-
sponsible for the interface charge detected in the enhanced alneal
samples.

From the SIMS data it is possible to calculate the cumulative charge
per unit area within the dielectric. This is done by integrating the
concentration (at/cm3) of K and Na detected by the SIMS data with
respect to depth. The initial peak on the left-hand side of the SIMS
results is disregarded in this calculation as it is an artefact of the
measurement and the integration is done for the peak at the marked
interface between a depth of 0.1 µm and 0.18 µm. For the sample in
Fig. 5, that had not been intentionally contaminated with salts, this
calculation revealed that the concentrations of Na and K near the in-
terface were 1.9 × 1012 at/cm2 and 9.3 × 1012 at/cm2, respectively;
which gives a cumulative concentration of 1.12 × 1013 at/cm2. This is
similar to the value of charge inferred from the CV curve, which was 1.3
× 1013 q/cm2, which is in agreement with the migrated charge cal-
culated from the TSIC current data, which is also 1.3 × 1013 q/cm2.
This similarity in concentration of Na and K from SIMS and charge
concentration from TSIC and CV gives reason to believe that the Na and
K atoms are ionic species responsible for the interface charge. The fact
that Na and K are known to reside at the Si-SiO2 interface as charged
ions, and the similarity in charge and contaminant concentration cor-
roborate the theory that the charge is due to ionic species that have now
been identified. This also indicates that all Na and K ions at the inter-
face are in a +1 charged state. Alkali ions present at the Si-SiO2 in-
terface have been reported to produce a charge which is effectively
stable for time periods in excess of 3 years and perhaps indefinitely
[24,49]. The discovery that ionic Na and K can be introduced during the
alneal process, to enhance the surface passivation of the alneal via FEP,
which holds promise to be stable for the lifetime of the solar panel, is of
significant importance to both research and industry.

In recent years, a wide number of extremely effective passivation
methods have been proposed, especially with the advances on plasma
enhanced CVD and atomic layer deposition (ALD) methods. Table 2
illustrates a comparison of the surface recombination velocities for the
enhanced alneal and other high quality passivation techniques, as well
as the best recorded standard alneal. From these calculated SRVs, it is
clear that the effectiveness of the enhanced alneal is among the highest
achieved for a ~1 Ω cm n-Si surface. It is to note that the enhanced
alneal is capable of producing surface passivation superior to the best
silicon nitride capping layer. However, it is not as effective as the ALD

Table 1
Alneal samples τ, J0s, Dit and Qinterface.

Batch τ SRV J0s Dit Qinterface

(µs) (cm/s) (fA/cm2) (eV−1 cm−2) (q/cm2)

As-oxidised 90 112 1.3 1 × 1011 2 × 1011

Standard Alneal 1 2169 3.3 1.6 1 × 1011 5.9 × 1010

Standard Alneal 2 2049 3.5 2.4 ̶ ̶
Enhanced Alneal 1 4094 1.1 4.6 3 × 1011 1.4 × 1012

Enhanced Alneal 2 5643 0.4 2.1 3 × 1011 1.7 × 1012

Enhanced Alneal 3 4917 0.7 3.8 1 × 1011 1.3 × 1012

Enhanced Alneal 4 4548 0.9 4.2 1 × 1011 1.1 × 1012

TSIC Enhanced Al dot ̶ ̶ ̶ ̶ 1.3 × 1013

Fig. 5. SIMS results of sample, with an Al front contact deposited at Oxford, having
undergone TSIC at 300 °C with a 5 V bias. SiO2 on the left, and Si on the right, of the
marked interface.
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deposited aluminium oxide (AlOx), but this method requires the use of
expensive dedicated equipment.

5. Charge transport during an enhanced alneal

To understand the rate at which the ionic charge was introduced,
samples were annealed for various lengths of time before the interface
charge concentration was measured. Cz, n-type Si, ~40 Ω cm, ther-
mally oxidised to 100 nm was cleaved into samples of< 1 cm2. These
were deposited, at Oxford, with 100 nm thermally evaporated alumi-
nium on one side and were annealed at 400 °C on a hot plate to allow
greater control over the sample temperature and anneal time. After the
anneal, the aluminium was removed, as was the back oxide. A contact
was then made directly to the silicon using indium-gallium and con-
ductive silver dag for the rear contact, and mercury probe capacitance-
voltage (Hg-CV) measurements were performed to measure the charge
at the Si/SiO2 interface. It was found that ionic charge was present at
the Si-SiO2 interface after an anneal time of only minutes. Fig. 6 shows
the interface charge after various anneal times at 400 °C in air on the
hot plate.

The data in Table 1 shows that the high lifetimes achieved by the
alneal incorporated a charge concentration of 1–2 × 1012 q/cm2. From
Fig. 6, a charge concentration of this magnitude is introduced at 400 °C
in under 1 min. The interface charge concentration saturates after only
a couple of minutes. This is believed to be due to the exhaustion of
available ions. A standard alneal process is 30 min, so the introduction
of these ionic species during the alneal is a much faster process. From
the results of Fig. 6, an anneal of 30 min is not necessary to introduce
charge and provide FEP. However, the migration of atomic hydrogen to
the oxide-silicon interface may require the full length of the standard
alneal but this cannot be concluded from present work. It is noted that
movement of ions through 100 nm of oxide in a matter of minutes at
400 °C is remarkably fast and raises the question as to whether the
process is purely diffusive. Indeed, when an as-oxidised sample from set

B was annealed, without the presence of aluminium, the lifetime and
CV measured interface charge was found to be unaffected. From pre-
vious work [49] and the literature on MOSFETs [50], it is known that
once a Na or K contaminant resides within the silicon dioxide, the
migration to the interface at 400 °C is very rapid. As no charge was seen
after this anneal, it is likely that the contaminant does not reside within
the oxide, but instead must enter from the oxide surface. This implies
the following: either the ions were not present without the aluminium,
i.e. that the process of evaporating the aluminium may be responsible
for introducing the ions into the system, or that there was no driving
force for the ions to overcome the activation energy to enter the oxide
in the absence of an aluminium layer during the anneal. As the origin of
the contamination was unclear, the importance and existence of a
driving force on purposefully contaminated samples was investigated. It
was hypothesised that the presence of aluminium, which has a work
function lower than the silicon substrate, on the surface of the oxide,
sets up an electric field within the oxide that causes injection of the ions
into the oxide and their subsequent drift towards the silicon interface– a
process which can be much faster than diffusion.

This hypothesis was tested by using a second metal with a work
function larger than the silicon substrate so as to oppose, rather than
drive, the movement of positive ions towards the Si-SiO2 interface. Gold
was used, due to its large work function of 5.1. To overcome the un-
certainty regarding the source of the ions, a fraction of a monolayer of
KCl was thermally evaporated onto the oxide surface, as in [49]. This
ensured an ample supply of ionic charge was present when either metal
top layer was used. Gold or aluminium were deposited on top of the KCl
salts on 1 cm2, 1 Ωcm, n-type, FZ samples. For the gold evaporation, a
tungsten boat was used instead of a tungsten coil. These samples were
then annealed on the hot plate at 400 °C for varying lengths of time.
After this, the aluminium was removed using commercial etchant as
previously, and the gold was removed using aqua regia (1 part nitric
acid: 3 parts hydrochloric acid). The back oxides were etched off using
HF and an ohmic contact to the silicon was created using InGa and
conductive silver dag. This structure was suitable for Hg-CV measure-
ments to be taken, to calculate the interface charge. The interface
charge concentrations for the two different metals annealed for dif-
ferent lengths of time are shown in Fig. 7. Here it is evident that when
Au is used, no charge is introduced into the oxide layer, whereas when
Al is present significant quantities of charge are present at the Si-SiO2

interface after the anneal.
In Fig. 7, when aluminium is used, charge is present at the interface

Table 2
Summary of best passivation achieved by several high quality passivation dielectrics.

Dielectric Passivation Type Resistivity (Ω) SRV (cm/s)

SiO2 Standard Alneal (Best) n 1.5 1.7
Kerr and Cuevas [9]

SiO2 Enhanced Alneal (Best) n 1 0.4
Current work

SiNx SiNx n 1 0.64
Richter et al. [28]

AlOx AlOx (ALD) n 1 0.26
Richter et al. [28]

Fig. 6. Interface charge concentration Qinterface after an aluminium anneal at 400 °C.
Fig. 7. Interface charge concentration for anneals of 30 s and 5 min at 400 °C on samples
with KCl deposited on the oxide surface using either aluminium or gold during the anneal.
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even after an anneal of only 30 s. A five minute anneal at this tem-
perature increases the quantity of interface charge to be over the
equipment measurement capability. However, the interface charge was
not seen to increase, even after five minutes, when gold was used; in-
stead it remained in the order of 1 × 1011 q/cm2. This indicates that
either the activation energy for the ions to leave the SiO2-Au interface is
greater than that of the SiO2-Al interface, and/or there is not the same
driving force enabling them to overcome the activation energy to enter
the SiO2. As K was introduced on purpose during these experiments, the
magnitude of interface charge when an aluminium layer is used is one
to two orders of magnitude greater than for the samples in Fig. 6 where
no intentional ion deposition occurred.

MOS structures were fabricated on 1 Ω cm n-type FZ silicon for TSIC
experiments. KCl salts were deposited before the metal front contact, as
previously, to ensure a substantial source of ions. After the TSIC ex-
periment the total migrated charge concentration was calculated from
the recorded current as detailed in Section 2. The migrated charge,
equivalent to the interface charge, is shown against TSIC voltage in
Fig. 8. This shows that ions will migrate to the Si-SiO2 interface when
gold is the top contact metal, however a greater bias is necessary before
the ions will drift to the interface.

When the 0 V bias condition of Fig. 8 is considered, for the Au
contact, negligible charge is migrated after 20 min, whereas for the Al
contact, a significant quantity of charge migrates (> 1 × 1013 q/cm2),
as is the case for the (unbiased) anneals shown in Fig. 7. Although no
charge is introduced when gold is used in the zero bias condition, it is
possible to migrate the K ions to the Si-SiO2 interface when a larger
voltage is applied. Extrapolation of the linear portion of the migrated
charge versus bias voltage curves to zero migrated charge allows a
threshold bias voltage to be identified. The Al intercept would indicate
that ions migrate at bias voltages above −0.4 V, whereas the Au in-
tercept demonstrates that a bias greater than +0.8 V is necessary be-
fore the K ions migrate, a difference between the two metals of 1.2 V.
This difference is very similar to the work function difference between
aluminium and gold. Work functions vary depending on lattice or-
ientation and, according to the literature, range from 4.06–4.28 V for Al
[51] and 5.1–5.5 V for Au [52].

It is speculated that during the enhanced alneal the work function
difference between the silicon, which in the case of 1 Ω cm n-type
doping is 4.32 V, and the aluminium ~4.1 V, ΔΦ = 0.22 V, is the
driving force for the injection and drift of ions. A schematic of the band
diagram is shown in Fig. 9 where Φms is the metal-silicon work function
difference, Φm is the metal work function and Φs is the silicon work
function, dependant on doping concentration. The work function dif-
ference between the silicon and aluminium would increase with more

highly resistive n-type material, or with p-type.
The aluminium work function is less than the silicon work function

at this doping concentration, so the SiO2 is subject to an electric field
which favours the drift of positive ions towards the Si-SiO2 interface.
The result when using gold is different. Due to its work function being
greater than the silicon substrate the field produced in the oxide will
tend to oppose migration of ions to the silicon interface at zero bias and
so account for the results in Figs. 8 and 9.

The Al-Si work function difference may seem small, but since the
dielectric is only 100 nm thick, it results in an electric field of ~20 kV/
cm which is quite sufficient to produce rapid ionic drift at elevated
temperatures. Previous work has shown that once K and Na ions are
within SiO2 layers they are extremely mobile [49]. However, if the ions
initially reside on the surface of the SiO2, or at the interface of the SiO2

with a metal, they must first be injected into the dielectric and this
process is associated with a significant activation energy. It is this in-
jection step that is thought to be rate limiting for the migration of K and
Na across thin oxide films [53]. It is postulated that this activation
energy is lowered by the electric field produced by the work function
difference which thus allows rapid migration of the charge to the silicon
interface.

The above results demonstrate that the potential of the top metal
contact with respect to the silicon substrate is an important parameter
in determining the kinetics of charge migration. It is thus interesting to
consider what happens if an enhanced alneal is performed when the
aluminium layer is not electrically connected to the silicon substrate. In
this situation, as positively charged ions leave the aluminium interface
and migrate towards the silicon substrate, a negative charge, and hence
potential, will develop on the aluminium which will tend to oppose
their movement. This negative potential will grow until no further
movement of charge is possible, which according to Fig. 8 will require a
potential of ~ −0.4 V and so will occur when a charge density of
~1011 q/cm−2 has accumulated on the 100 nm thick silicon oxide di-
electric. This situation was implemented experimentally by depositing
small aluminium dots on the oxide, 2 mm in diameter, in the centre of
larger square specimens. The dots were left completely electrically
unconnected to anything else whilst the enhanced alneal was performed
at 400 °C. No KCl was intentionally deposited in this case. Subsequent
measurements of charge did indeed show ~1011 q/cm−2 at the silicon
interface as expected, see Fig. 10. Although it should be noted that such
a charge concentration is not untypical of a thermal oxide and so does
not necessarily lend weight to the hypothesis. If, on the other hand, the
top aluminium layer is electrically connected to the silicon substrate no
surface potential will be induced as ions migrate towards the silicon and
so no opposing electric field will be developed. This situation was im-
plemented experimentally in two different ways. The first was simply to
deposit aluminium over the whole surface of the cleaved, oxidised

Fig. 8. Concentration of migrated charge, calculated by integration of TSIC current,
against voltage applied during TSIC. The error in the measurement of charge is of the
order of 1012 q/cm2.

Fig. 9. Band diagram schematic to show work function difference and electric field cre-
ated when aluminium is contacted to oxide passivated 1 Ω cm n-type silicon.
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sample followed by an enhanced alneal at 400 °C with no KCl in-
tentionally deposited. In this case ~1012 q/cm−2 was found at the si-
licon interface, presumably because there was sufficient leakage current
between the aluminium layer and the substrate to prevent a significant
build-up of potential. This current may have been due to the aluminium
layer electrically contacting the silicon substrate at a cleaved edge of
the sample or via pin holes in the oxide. The second way was simply to
bias a 2 mm aluminium dot to 0 V so that its potential did not change,
as shown by the yellow triangle in Fig. 10. In each case substantial
charge was found to migrate to the silicon interface as shown in Fig. 10.

From this data, it is evident that when there is no electrical contact
between the Al and Si, in the case of the Al dots, little ionic charge is
introduced even after a 30 min anneal. However, when the Al covers
the entire oxide surface, including a cleaved edge, charge concentra-
tions of ~1.3 × 1012 q/cm2, which are sufficient for enhanced alneal
passivation are consistently introduced. In this case the specific amount
of interface charge probably depends on the amount of unintentional K
and Na contamination present in these experiments which will vary
from specimen to specimen. When a sample with an Al dot is subjected
to TSIC with a 0 V bias, charge of a similar quantity to that seen when a
sample is annealed with the Al fully covering the oxide is evident at the
Si-SiO2 interface. As would be expected from the above explanation.

6. Conclusions

The passivation provided by one of the most effective passivation
techniques, known as the alneal, has been improved by the addition of
field effect passivation (FEP). This FEP has been added both ex-
trinsically, by corona charge, and during the alneal process itself, in the
form of ionic species present at the Si-SiO2 interface. Low SRVs, rou-
tinely below 1 cm/s, with a lowest value of 0.4 cm/s, have been
achieved on 1 Ωcm, n-type, FZ Si by means of this enhanced alneal
which simultaneously introduced interface charge. SIMS measurements
revealed that the species causing these low SRVs are likely to be Na and
K ions, which are known to facilitate stable surface passivation. The
introduction of charge is shown to happen in the order of minutes at
400 °C. It is proposed that the driving force to introduce these ions into
the dielectric is the difference in the silicon and aluminium work
functions. This creates an electric field in the dielectric that favours the
migration of positive ions from the Al-SiO2 interface to the Si-SiO2 in-
terface. This mechanism also accounts for the lack of substantial silicon
interface charge when gold is used as a top contact or when the

aluminium layer is electrically isolated from the silicon substrate.
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