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A corona discharge is used to create and store negative charge in the silicon nitride films of silicon
dioxide/silicon nitride stacks. Effective lifetime measurements on both textured and planar, as well
as both boron diffused and undiffused silicon samples passivated with silicon oxide/silicon nitride
stacks, show that the creation of negative charge in the nitride layer results in an improvement in the
surface passivation for all samples, with very low ��2 cm /s� effective surface recombination
velocities demonstrated for planar, undiffused samples. The manipulation of charge can be exploited
to improve the conversion efficiency of silicon solar cells. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3077157�

The charge density of dielectric layers used as antireflec-
tion coatings and surface passivation layers in silicon solar
cells—chiefly silicon nitride �SiNx� deposited by plasma en-
hanced chemical vapor deposition �PECVD�—is well known
to substantially influence the degree of surface passivation
achieved. PECVD SiNx usually contains a significant density
of positive charge �typically several 1012 cm−2�. This posi-
tive charge is beneficial for the passivation of the n type
emitter of conventional solar cells on p type substrates. How-
ever, positive charge is not ideal for the passivation of the
rear of such cells due to the formation of an inversion layer,
which introduces additional losses as well as a virtual shunt.1

Additionally, solar cells featuring a p type emitter would
benefit from passivation with a dielectric containing negative
charge. There is thus great interest in the realization of nega-
tive charge in dielectrics. Recently Hoex et al.2,3 showed that
plasma assisted atomic layer deposited �ALD� Al2O3 layers
can provide good surface passivation for p type emitters as
well as for undiffused surfaces because these Al2O3 layers
contain a high density of negative charge. A disadvantage is
that ALD is a slow process, making the industrial applicabil-
ity of the process uncertain.

The dominant defect in stoichiometric and silicon rich
SiNx films is known to be the K center, consisting of a Si
atom backbonded to three N atoms.4 It is now well estab-
lished that this defect is responsible for the net positive
charge in these films. Further, it is known that the K center is
amphoteric5 and displays a negative correlation energy such
that the charged states �K+ and K−� are more stable than the
neutral state �K0�.6 The charge state of the K center can be
easily manipulated by charge injection from the silicon sub-
strate, and this fact has been exploited for nonvolatile
memory devices.7,8 A key requirement for the storage of
charge �other than the as-deposited charge� in silicon nitride
is the presence of a barrier layer such as silicon dioxide,
which prevents the leakage of charge back into the silicon
substrate.

The manipulation of the charge in SiNx films offers sig-
nificant potential advantages for photovoltaic applications
since SiNx deposition is an industry standard process and

these films have a unique set of properties, including an op-
timal refractive index and �in the case of PECVD deposited
nitride� a high hydrogen content, which can be used to pas-
sivate bulk defects. The ability to engineer the charge in the
film at the end of the process—following film deposition and
subsequent thermal treatments—would thus significantly en-
hance process flexibility. However, this ability has not been
exploited to date. In this paper, we investigate the effect of
negative charge storage in silicon nitride films on interface
recombination for both undiffused and boron diffused, as
well as textured and planar silicon substrates.

Float zoned, p type, �100� �100 � cm, �500 �m thick
c-Si wafers are used as the starting material for samples used
for lifetime measurements. Selected samples were randomly
textured with upright pyramids using an alkaline solution.
After a standard Radio Corporation of American clean, a
boron diffusion was performed on both sides of selected
samples using a liquid boron tribromide source at a tempera-
ture of 900–950 °C to obtain a sheet resistance of around
200 � /�. The surface doping density is around 4
�1018 /cm3 after all thermal steps. An oxide layer around 20
nm thick was then thermally grown on both sides at 1000 °C
on all samples, followed by a forming gas anneal �FGA, 4%
H2 in Ar� at 400 °C for 30 min. �50 nm stoichiometric
silicon nitride �Si3N4� was deposited on both sides of all
samples using low pressure CVD �LPCVD� at 775 °C and
0.5 Torr, with an ammonia to dichlorosilane flow ratio of 4:1.

Samples used for C-V measurements were Cz p-type,
10–15 � cm �100� wafers. After cleaning, the samples re-
ceived the same oxidation, FGA and LPCVD nitride deposi-
tion as the lifetime samples.

Corona charging was carried out on lifetime and C-V
samples with a conventional setup9 by applying voltage of
+10 kV to a steel needle about 5 cm above the samples.
Both sides of the samples were positively charged for 5 min.
This results in the buildup of a high positive charge density
on the surface of the oxide �estimated to be up to 1013 cm−2�.
All samples were then rinsed in isopropanol �IPA� solution to
remove the surface charges. The efficacy of an IPA dip in
removing surface charge was verified independently. The
positive corona charges result in a strong electric field, which
causes the injection of electrons from the silicon into thea�Electronic mail: klaus.weber@anu.edu.au.
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nitride where they are trapped at the K centers. The IPA
solution then removes the positive charges at the nitride sur-
face, leaving only the negative charges in the structure.

Selected samples received an anneal at 400 °C for 5
min. The low temperature anneal has the effect of eliminat-
ing certain defects that may be generated by corona
charging.10 However, the anneal does not result in the diffu-
sion of any atmospheric species, such as H2, to the Si–SiO2
interface since the nitride layer forms an efficient diffusion
barrier.11,12 The anneal temperature is also too low to result
in the liberation of significant quantities of hydrogen from
the nitride film.11

The oxide and nitride layers were removed from the rear
of the C-V samples. Before C-V measurements, 80 nm Al
was thermally evaporated through a shadow mask on the
nitride surface to form a Metal-Insulator-Semiconductor
structure, and a Ga/In paste was applied to the rear to make
electrical contact to the Si bulk. High frequency �1 MHz� and
quasistatic C-V measurements were performed.

Lifetime measurements were carried out using the induc-
tively coupled photoconductivity decay technique,13,14 and
both the effective lifetime �eff and the emitter saturation cur-
rent density Joe were determined, as described elsewhere.

15

Figure 1 shows the defect density distributions extracted
from the C-V curves of the samples following various pro-
cess steps: �i� just after LPCVD nitride deposition and an-
neal; �ii� corona charging and IPA dip following LPCVD
nitride deposition; and �iii� corona charging, IPA dip, and a
subsequent anneal following LPCVD nitride deposition.
Table I summarizes the flat band voltage �Vfb�, effective
charge density �Qeff�, and defect density at mid gap �Dit�m��
following the same process steps. Qeff was determined as-
suming that all the charge resides at the SiO2–Si3N4 inter-
face. In practice, the charge is likely to be distributed

throughout the nitride, which would require higher charge
densities to account for the observed flat band voltages.

Before corona charging, the net effective charge in the
silicon nitride film is positive. The positive corona charging
and IPA steps result in a net negative charge due to the in-
jection of electrons across the oxide and into the nitride film,
where they are trapped at the K centers, according to the
reactions K++2e−→K− and K0+e−→K−.16 The subsequent
anneal reduces the charge density due to the detrapping of
electrons from K− centers at elevated temperatures and trans-
port across the barrier oxide.

The corona charging process appears to result in some
changes in the interface defect density distribution but no
significant increase in their density. The subsequent anneal
reduces the defect density below the level prior to corona
charging. The mechanism responsible for this decrease is not
understood at present. It is known that the LPCVD silicon
nitride deposition process results in some dehydrogenation of
the interface.12 It is possible that energetic electrons that are
injected into the nitride film result in the release of
hydrogen.17 Following the anneal, the liberated hydrogen
may be able to passivate defects at the Si–SiO2 interface. It
should be noted that as-deposited LPCVD nitride has been
shown to be stable and not affected by an FGA up to
450 °C.18 Our own experimental data confirm that anneals at
400 °C do not affect the C-V curves and lifetime/Joe results
for samples without corona charging.

Figure 2�a� shows the change in Joe following various
process steps, while Fig. 2�b� shows the corresponding life-
time values. Joe values can only be extracted from lifetime
measurements under conditions where the wafer bulk is in
high level injection and the surface remains in low level

FIG. 1. Defect density distribution within the band gap for samples follow-
ing various process steps. Step 1: LPCVD nitride deposition; step 2: subse-
quent corona charging and IPA rinse; and step 3: subsequent 400 °C anneal.

TABLE I. Flat band voltage Vfb, effective charge density Qeff and mid gap
defect density Dit�m� for samples following various process treatments.

Process step
Vfb
�V�

Qeff

�1011 cm−2�
Dit�m�

�1010 ev−1 cm−2�

Nitride deposition �1.7 +7 14
Corona charging +4.3 �43 14
400 °C anneal +2.2 �26 4.5

FIG. 2. Emitter saturation current density �a� and effective lifetime �b� fol-
lowing various process steps. Step 1: LPCVD nitride deposition; step 2:
subsequent corona charging and IPA rinse; and step 3: subsequent 400 °C
anneal. All lifetimes were measured at an injection level of 5�1014 /cm3,
while Joe was measured at an injection level of 4�1015 /cm3.
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injection. For diffused samples, this condition is always met.
For undiffused samples, we determined the surface concen-
trations of majority carriers �electrons for the as-deposited
sample with a net positive charge, holes for samples follow-
ing corona charging and IPA dip� using the charge densities
calculated in Table I. These values are 1.7�1018, 2.8
�1019, and 7.8�1019 cm−3 following steps 1, 2, and 3 in
Fig. 2, respectively. These carrier densities are sufficiently
high to satisfy the conditions for Joe measurement.

Figure 2 clearly demonstrates that the negatively charged
nitride/oxide layers display improved surface passivation for
all the samples investigated. The upper limit of the effective
surface recombination velocity Seff can be calculated by as-
suming an infinite bulk lifetime

Seff � W/2�eff, �1�

where W is the sample thickness and �eff is the effective
lifetime. We determine values of Seff of less than 2 and 22
cm/s for planar and textured undiffused Si surfaces, respec-
tively, at an injection level of 5�1014 /cm3. For boron dif-
fused emitters, Joe values of 10 and 60 fA /cm2 per side are
achieved for planar and textured Si surfaces, respectively. It
is also interesting to note that the Joe and effective lifetime
improve following the 400 °C anneal despite a reduction in
the negative charge density in the film. In this case, it ap-
pears that the benefit resulting from a reduction in interface
defect density outweighs the disadvantage associated with a
reduction in the charge density in the film.

There are other interesting features that can be discerned
from the data in Fig. 2, such as the clustering of some of the
lifetime and Joe values. This is most pronounced for the Joe
values of the textured samples. This may be due to the fact
that according to modeling, the surface minority carrier con-
centrations are quite similar for diffused and undiffused
samples under all conditions. However, no such clustering is
observed for the planar samples. Further work will be re-
quired to obtain a more detailed understanding of the data
presented in Fig. 2.

Preliminary results indicate that the negative charges in
this nitride/oxide structure are sufficiently stable for photo-
voltaic applications. We have observed no change in the ef-
fective lifetimes of our samples after storage for 48 h at
150 °C.

In conclusion, we have shown that the introduction of
negative charge into silicon nitride layers can be used to
improve the surface passivation of p type silicon surfaces
and is a promising method for the improvement of solar cell
efficiency.
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