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For hydrogenated amorphous silicon �a-Si:H� solar cells, the critical concentration of a given
impurity defines the lowest concentration which causes a decay of solar cell efficiency. Values of
2–5�1019 cm−3 are commonly found for the critical oxygen concentration �CO

crit� of a-Si:H. Here
we report a dependence of CO

crit on the contamination source. For state-of-the-art a-Si:H solar
cells prepared at the same plasma deposition conditions, we obtain with a �controllable� chamber
wall leak CO

crit �2�1019 cm−3 while for a leak in the gas supply line a higher CO
crit of �2

�1020 cm−3 is measured. No such dependence is observed for nitrogen. © 2010 American Institute
of Physics. �doi:10.1063/1.3357424�

The critical oxygen concentration CO
crit in thin-film sili-

con solar cells defines the concentration of oxygen in the
hydrogenated amorphous �a-Si:H� and microcrystalline
��c-Si:H� absorber layers up to which the cell parameters
like efficiency � and fill factor �FF� remain constant. At
higher oxygen concentrations, the solar cell parameters de-
cay. Various authors have investigated the insertion of oxy-
gen right into the reactor.1–7 Quite similar critical oxygen
concentrations CO

crit of 2�1019 cm−3 were found for a-Si:H
and �c-Si:H,6,7 while some authors1 reported higher values.
Studies of films and solar cells showed that the major reason
for the decay of solar cell parameters for an oxygen concen-
tration CO�CO

crit is some doping action of incorporated oxy-
gen, shifting the Fermi level toward the conduction band
resulting into a distorted electric field within the absorber
layer.2 When incorporated in three- or fourfold coordination
to silicon, oxygen is considered a donor in Si:H.2–5 From the
rather high critical concentration of CO

crit �2�1019 cm−3 it
can be concluded, however, that only a very small fraction of
incorporated oxygen is in a doping configuration. By com-
parison with phosphorus doping,8 one may estimate that
at the critical oxygen concentration �1016 cm−3 ��0.5 ‰�
oxygen atoms are in doping configuration. The predominant
part of incorporated oxygen is expected to be in the non-
doping twofold coordination to silicon, as in SiO2.

The critical oxygen concentration is of importance for
production issues of thin-film Si solar cells since reduced
vacuum and gas purity requirements may be an important
cost factor. Here we studied the influence of the position of
the oxygen leak on the critical oxygen concentration. It is
found that feeding the oxygen into the process gas supply
line results in a considerably higher critical oxygen concen-
tration than using a chamber wall leak.

A multichamber PECVD �plasma-enhanced chemical
vapor deposition� system with capacitive coupled parallel
plate electrodes with an excitation frequency of 13.56 MHz
was used for the preparation of thin-film a-Si:H solar cells.
Commercial Asahi Type U �SnO2:F� transparent conductive

oxide coated 10�10 cm2 glasses served as substrates. The
deposition conditions for the i-layers were “high flow, high
pressure.”7,9 This regime had process gas flows of �7.8/360�
SCCM �SiH4 /H2�, a deposition pressure of 10 Torr and a
heater temperature of �200 °C. The deposition rates were
0.4–0.5 nm/s. The thickness of the i-layers was �350 nm.
Thermally evaporated silver was used as a back reflector and
defined the solar cell area of 1 cm2. To simulate chamber
leakages, poor vacuum conditions and/or outgassing the con-
tamination gases �purity 5.0� were introduced by a control-
lable leak at the chamber wall. A controllable leak in the gas
pipe was applied for the simulation of gas pipe leakages and
contaminated process gases. The location of both leaks can
be seen in Fig. 1. For the chamber wall leak its distance to
the plasma zone was approximately dCWL=25 cm. To avoid
unintended contamination, the process gases SiH4 and H2
�both with purity 6.0� passed through a gas purifier. The dis-
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FIG. 1. �Color online� Schematic picture of the PECVD deposition chamber
used for the deposition of the contaminated intrinsic absorber layers. The
two leaks applied are a chamber wall leak �I� and a gas pipe leak �II�
situated at a distance of dCWL=25 cm and dGPL=50 cm from the plasma
zone, respectively.
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tance of the gas pipe leak �GPL� to the showerhead elec-
trode, i.e., to the plasma zone, was dGPL=50 cm. Here, no
gas purifier was used. Further details of this experiment are
given elsewhere.9 After deposition the p-i-n solar cells were
characterized by I/V measurements under AM1.5 illumina-
tion �Wacom, class A solar simulator, 100 mW /cm2� at
25 °C. Additional filters �BG 7 & OG 590� were applied.
Impurity concentrations were measured by secondary ion
mass spectrometry �SIMS� using a quadrupole instrument
�Atomika 4000�.10

In Fig. 2 the initial solar cell efficiency � �Fig. 2�a�� and
FF �Fig. 2�b�� are plotted as a function of the oxygen con-
centration for contaminated cells. For the chamber wall leak,
� and FF, start to decrease at �2�1019 atoms /cm3. A shift
of the critical oxygen contamination level by about one order
of magnitude �from �2�1019 to �2�1020 atoms /cm3� is
observed when the gas pipe leak was applied. The short-
circuit current jSC and the open circuit voltage VOC remained
constant at �13 mA /cm2 and �900 mV, respectively, irre-
spective of the oxygen concentration. Only the most con-
taminated films show slight losses in jSC under red illumina-
tion, presumably caused by the worsened bulk carrier
extraction and alloying effects. Light-soaking �1000 h,
50 °C, open circuit conditions� was found not to change the
critical oxygen concentration.

We investigated the effect of a gas pipe leak also for
nitrogen but, as demonstrated in Fig. 3, no difference to a
chamber leak is observed in this case. A critical nitrogen
concentration of 4�1018 atoms /cm3 is seen, as reported
earlier.7 Also for nitrogen incorporation, the decay in solar
cell efficiency is attributed to doping effects.2 Thus the
present solar cell results show that changes in the incorpora-
tion ratio of impurities in doping and non-doping configura-
tion by using different contamination sources occur only for
oxygen, not for nitrogen. Measurements of dark conductivity
of i-layers prepared with oxygen and nitrogen contamination
confirm these solar cell results.

As well known, the incorporation of certain atomic con-
figurations in a-Si alloys during plasma deposition may de-

pend on the type of precursor species. For example, mol-
ecules containing Si–C or Si–N groups are likely to cause
Si–C and Si–N groups in the material if the plasma power is
below the level where complete fractionation of precursor
species of high binding energy occurs.11 The binding ener-
gies of Si–C and Si–N are 4.5 and 4.6 eV, respectively and
exceed that of Si–Si ��2.5 eV� considerably.12 For Si–O, the
binding energy is even higher �8.3 eV�.12 Thus, a source for
oxygen atoms incorporated in a non-doping configuration
could be precursor molecules in the gas phase with Si–O–Si
bonding configuration like siloxane molecules. A likely ex-
planation of the observed results then is that in the gas pipe
leak such molecules form due to reaction of oxygen with
silane outside of the plasma region. Apparently, much less of
such molecules would form for the chamber wall leak, pos-
sibly because here the oxygen encounters a more silane-
depleted reaction gas with lower probability of siloxane-type
molecules to form. A much faster entering of oxygen of the
plasma zone could also lead to a reduction of the reaction
probability of oxygen and silane. It is possible, however, that
oxygen from the chamber wall leak reacts with atomic or
molecular hydrogen, which are predominant gas species in a
depleted silane plasma next to the plasma zone, forming OH
or H2O. Both these species may be speculated to be precur-
sors for the incorporation of oxygen in a doping configura-
tion in a-Si:H, in analogy to a-Ge:H where the incorporation
of OH complexes is known to lead to high n-type doping.13

Due to the much lower reactivity of nitrogen with silane or
hydrogen,14 no difference for nitrogen incorporation from
different types of leaks is expected, as observed experimen-
tally.

In summary, we have investigated for a-Si:H solar cells
the incorporation of impurities �oxygen and nitrogen� intro-
duced together with the process gases �gas pipe leak� or
through a chamber leak. It is demonstrated that the critical
oxygen concentration in these solar cells depends on the con-
tamination source. The results show a critical oxygen con-
centration for the gas pipe leak, that is enhanced, compared
to the chamber wall leak, by about one order of magnitude
up to 2�1020 atoms /cm3. A high reaction probability of

FIG. 2. �Color online� Solar cell efficiency � �a� and FF �b� as a function of
the oxygen concentration in the i-layer varied by controllable chamber
�filled symbols� and gas pipe �open symbols� oxygen leaks. The fill factor
was measured under AM1.5 and under red illumination.

FIG. 3. �Color online� Solar cell efficiency � �a� and FF �b� as a function of
the nitrogen concentration in the i-layer, varied by controllable chamber
�filled symbols� and gas pipe �open symbols� nitrogen leaks.
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oxygen and silane in the gas pipe outside of the plasma is
suggested to promote the formation of electrically inactive
twofold-coordinated oxygen in the i-layer of the solar
cells. State-of the-art a-Si:H solar cells were fabricated with
a gas pipe leak at the high oxygen concentration of
2�1020 atoms /cm3 ��0.5 at. %�. For nitrogen the decrease
in solar cell performance is independent of the sources of
contamination. This can be explained by the lack of reactiv-
ity of nitrogen with silane outside of the plasma zone.
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