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ABSTRACT:  Solar cells made on boron-doped Czochralski (Cz) silicon show a degradation in performance when exposed to
light until a stable efficiency is reached. This effect is due to the creation of metastable defects in the Cz silicon base which
strongly reduce the bulk carrier lifetime. In a recent model, proposed by one of the authors, the metastable defect was tenta-
tively identified with a boron-oxygen pair. In this paper, a newly developed lifetime spectroscopy method is applied in order to
determine the electronic properties of the light-induced recombination centres. The measurements reveal that the fundamental
light-induced defect centre has an energy level very different from that of the boron-oxygen pair. Together with complemen-
tary experimental results, these findings allow us to identify the fundamental light-induced recombination centre with a new
boron-oxygen complex, probably of the type BOn with n ≈ 5. In the second part of the paper, a novel, very effective method for
a permanent reduction of the light degradation of boron-doped Cz silicon wafers is introduced. The method is based on the
deposition of plasma silicon nitride films containing large amounts of atomic hydrogen and a subsequent short annealing step
in the temperature range 700-800°C in order to enable the hydrogen to diffuse into the bulk of the wafer. It is demonstrated that
the light-induced defect concentration can be reduced by a factor of up to 3.5 by the hydrogenation treatment applied.
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1. INTRODUCTION

The degradation of the carrier lifetime of low-
resistivity (~1 Ωcm) boron-doped Cz silicon under illumi-
nation to very low stable lifetimes between typically 5 and
20 µs limits the efficiency of solar cells fabricated on this
material to stable values well below 20%, even if high-
efficiency processing schemes are applied [1]. It also re-
duces the efficiency of commercially produced Cz silicon
solar cells by about 4-7% relative. Such poor performance
is very unsatisfactory for a monocrystalline material, since
even multicrystalline silicon wafers have demonstrated
area-averaged carrier lifetimes exceeding 100 µs after
phosphorous gettering [2,3] (phosphorous gettering has
almost no impact on the bulk carrier lifetime of Cz silicon).

Although already discovered more than one quarter of
a century ago [4], considerable progress regarding the un-
derstanding of the fundamental degradation mechanism in
Cz silicon had been made only very recently [5]. While all
former attempts to clarify the light-induced degradation of
the carrier lifetime in Cz silicon were based on the forma-
tion of metal-containing defect complexes, Schmidt et al.
[5] proposed a complete defect reaction model that did not
involve any metal impurities. This was also the first model
which was capable of explaining the lifetime degradation
under illumination (or, alternatively, minority-carrier in-
jection in the dark) as well as the lifetime recovery during
annealing at temperatures above ~200°C.

The most important feature of this model is the forma-
tion of boron-oxygen (BiOi) pairs during illumination of the
Cz silicon. The correlation of the magnitude of degradation
with the boron and the oxygen concentrations in the mate-
rial had been proven by means of carrier lifetime measure-
ments on a large number of Cz wafers [5,6]. Furthermore,
measurements on Ga-doped p-type Cz silicon as well as on

P-doped n-type Cz material had shown no degradation of
the carrier lifetime [5].

Based on this understanding, several methods for re-
ducing the lifetime degradation in Cz silicon solar cells
were proposed in Ref. 5. The most promising were: (i)
replacement of B with another dopant element, like Ga, (ii)
reduction of the oxygen concentration in the Cz material
and (iii) reduction of the B doping concentration. In a re-
cent international joint research on the light degradation of
low-resistivity Cz silicon solar cells conducted by Saitoh
[7], the methods proposed in Ref. 5 were consistently veri-
fied by means of lifetime measurements as well as on solar
cells. Moreover, it was shown that magnetically grown Cz
(MCz) silicon, which has a strongly reduced oxygen con-
centration, shows virtually no degradation. Record effi-
ciencies of up to 24.5% [8] were obtained on MCz material
within the framework of the joint research.

Despite its successful prediction of avenues for stabil-
ity, the boron-oxygen model proposed in Ref. 5 has some
fundamental problems. First, in order to derive the model,
lifetime data measured on non-electron-irradiated Cz mate-
rial were compared with deep-level transient spectroscopy
(DLTS) data [9] measured on electron-irradiated Cz sili-
con. The irradiation produces large amounts of interstitial
boron (Bi), a necessary prerequisite for the formation of
BiOi pairs. However, in the case of non-electron-irradiated
Cz silicon, all boron atoms should be on substitutional
lattice sites (Bs) and virtually no Bi is expected.  Second, by
performing lifetime measurements on a large number of Cz
wafers with different oxygen but similar boron concentra-
tions, Glunz et al. [6] found a strongly superlinear increase
(approximately to the power of 5) of the light-induced de-
fect concentration with oxygen concentration, in clear con-
tradiction to the simple BiOi pair.

In order to reveal the true nature of the light-induced
defect centres, we have introduced a new lifetime spectros-



copy method [10] which is capable of determining the en-
ergy level and the electron and hole capture time constants
of the light-induced recombination centres. The method is
based on carrier lifetime measurements over broad injec-
tion and doping ranges before and after light degradation.
The measurements presented in this paper allow us to ten-
tatively identify the fundamental light-induced defect cen-
tre with a new type of boron-oxygen complex, consisting of
one boron and several oxygen atoms (BOn, n ≈ 5).

In the second part of the paper, a new, very effective
way of reducing the light-induced defect concentration by
means of  hydrogenation is introduced.

2. NATURE OF THE LIGHT-INDUCED DEFECTS

2.1 Experimental Approach
Measuring the carrier lifetime over a broad range of

injection levels and doping concentrations can be consid-
ered to be a spectroscopy method, because it permits the
determination of the main characteristics of a recombina-
tion centre, the energy level and the ratio of the capture
time constants. In order to eliminate all recombination
channels not related to the degradation effect, like surface
recombination and Auger recombination, we analyse only
the reciprocal of the difference of the inverse lifetimes
measured after (τi) and before (τa) light degradation (1/τi-
1/τa)

-1 [10].  This quantity represents the Shockley-Read-
Hall (SRH) lifetime of the light-induced defect centres. By
simultaneously fitting all injection-level dependent (1/τi-
1/τa)

-1 curves measured on wafers with different doping
concentrations, a narrow range for the energy level and the
electron/hole capture time constant ratio of the light-
induced recombination centres can be derived.

The measurements are performed by means of the
contactless quasi-steady-state photoconductance (QSSPC)
method [11], allowing reliable carrier lifetime measure-
ments over a very broad injection range between 1012 and
1017 cm-3. The doping concentration of the wafers is varied
over a wide range between 4×1014 and 1.5×1016 cm-3.

The surfaces of all Cz wafers investigated in this study
were passivated by means of well-passivating plasma sili-
con nitride films deposited at low temperature (400°C)
[12]. The interstitial oxygen concentration of the Cz wafer
was found to be very similar ranging from 5.5 to 7.8×1017

cm-3, as determined by means of Fourier transform infrared
spectroscopy.

2.2 Results and Discussion
Figure 1 shows the measured effective carrier lifetime

τeff as a function of the excess carrier concentration ∆n for
a boron-doped Cz silicon wafer as it is typically used in the
commercial solar cell production. The open circles were
measured after annealing the sample for 15 min at 250°C in
nitrogen. The closed circles were measured after illumi-
nating the wafer at a controlled temperature of 25°C for
about 40 h with a halogen lamp (light intensity 100
mW/cm2), leading to a complete degradation of the carrier
lifetime. As can be seen from Fig. 1, in the most interesting
injection range between 1013 and 1016 cm-3, a strong in-
crease of τeff with ∆n is observed prior to as well as after
light degradation. The strongest degradation is observed at
low injection levels and therefore the injection level de-
pendence of τeff is more pronounced after than before light

degradation. This implies that the light-induced defect cen-
tre itself produces a strongly injection-level dependent
lifetime.

In Fig. 2, the measured dependencies of (1/τi-1/τa)
-1 on

∆n of Cz silicon wafers with different B concentrations are
shown. The solid lines represent the theoretically calculated
curves using the standard SRH equation. The increase of
(1/τi-1/τa)

-1 with increasing ∆n at low excess carrier con-
centrations, observed for all Cz silicon wafers independent
of their resistivity, can be modelled assuming a recombina-
tion centre with a deep energy level. The detailed analysis
shows that the calculated injection-level dependent SRH
lifetimes  (solid lines in Fig. 2) are invariant against varia-
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Figure 2:  Measured injection level dependence of
(1/τi-1/τa)

-1 for several boron-doped Cz silicon wafers
of different resistivity (symbols). τi is the effective life-
time measured after completed light degradation and τa

is the effective lifetime measured after low-temperature
annealing. The solid lines are calculated using the SRH
equation.
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Figure 1: Measured effective carrier lifetime τeff as a
function of the excess carrier concentration ∆n  for a
1.75-Ωcm boron-doped Cz silicon wafer after annealing
at 250°C for 15 min (open circles) and after light deg-
radation with a halogen lamp (intensity 100 mW/cm2)
at 25°C for ~40 h (closed circles).



tions of the defect energy level between Ev + 0.35 eV and

Ec – 0.45 eV (in combination with a capture time constant
ratio τn0/τp0 of 0.1 - 0.2). Hence, it can be concluded from
our measurements that this is the energy range in which the
fundamental recombination centre responsible for the light-
induced carrier lifetime degradation in boron-doped Cz
silicon can be found. The most significant consequence of
this finding is that the restriction of the energy level ex-
cludes the formerly proposed [5] BiOi pair as a possible
candidate for the light-induced defect centre, since the
energy level associated with the BiOi pair is known to lie at
Ec – 0.26 eV [9].

In order to successfully model the complete injection-
level dependence of (1/τi-1/τa)

-1, for some samples (the
1.04, 1.75 and 14-Ωcm samples of Fig. 2) it was necessary
to introduce a second recombination centre with a shallow
energy level. The shallow energy level produces a de-
creasing SRH lifetime at the upper end of the measured
injection range. An excellent agreement between experi-
ment and theory was obtained for an energy level of Ec –
0.15 eV in combination with a τn0/τp0 value ≤ 1 or, alterna-
tively, for an energy level of Ev + 0.15 eV and τn0/τp0 ≥ 1.
The energy level of Ec – 0.15 eV could, for example, be
associated with a thermal donor level. However, as for 1-
sun solar cells only the deep-level centre is important, we
concentrate on this centre in the following.

In addition to the energy level and the ratio of the cap-
ture time constants, our measurements allow also for a
determination of the absolute value of the minority-carrier
lifetime τn0 of the fundamental deep-level centre. As shown
in Fig. 3, the values of τn0 for the different samples are
strongly dependent on the boron doping concentration Ndop.
According to the SRH theory, the quantity 1/τn0 equals the
product vth σn Nt , where vth is the thermal velocity of elec-
trons, σn is the electron capture cross section and Nt is the
concentration of the recombination centre. Hence, 1/τn0 is

directly proportional to the concentration of the light-
induced defect centre. The solid line in Fig. 3 shows that
1/τn0, and hence the concentration of the recombination
centre, increases proportionally with Ndop, suggesting that
one boron atom is involved in the defect complex responsi-
ble for the light degradation in boron-doped Cz silicon.
Together with the recent finding of Glunz et al. [6] that the
inverse SRH lifetime of the light-induced centres increases
with the interstitial oxygen concentration by a power law of
order five, our results allow us to tentatively identify the
deep-level centre with a new boron-oxygen complex of the
type BOn with n ≈ 5. In this complex, the boron atom is
probably on a substitutional lattice site, as only a very
small fraction of interstitial boron atoms is expected in
non-particle-irradiated boron-doped Cz silicon.

It is important to note that it cannot be ruled out that
additional defect species, like silicon self interstitials or
vacancies, are constituents of the fundamental light-
induced defect complex. However, at the current state of
our investigations the involvement of one boron and sev-
eral oxygen atoms seems to be certain.

3. REDUCTION OF THE LIGHT DEGRADATION
BY MEANS OF HYDROGENATION

Interestingly, there seems to be a certain similarity
between the BOn complex and the structure of the well-
known thermal donors, which are believed to be composed
of several oxygen atoms. Since thermal donors can be very
effectively passivated by hydrogen [13], the hydrogenation
of B-doped Cz silicon could be a promising possibility to
reduce the BOn concentration and with that the light degra-
dation of the material.

In order to investigate the impact of a hydrogenation
treatment on the light degradation of B-doped Cz silicon,
we have deposited hydrogenated silicon nitride (SiN) films
by means of plasma-enhanced chemical vapour deposition
on both wafer surfaces [12]. The SiN films contain very
large amounts (10-20 at.%) of atomic hydrogen.  Subse-
quently, the samples were annealed in forming gas in the
temperature range between 700 and 800°C for 30 to 90 s to
diffuse the hydrogen into the bulk of the Cz silicon. The
optimal annealing temperature was found to lie in the vi-
cinity of 750°C and the optimal annealing time was 60 s.
Figure 4 shows the effect of the hydrogenation treatment
on the SRH lifetime τBO = (1/τi-1/τa)

-1 of the light-induced
BOn complex for three Cz materials grown by different
manufacturers. All Cz materials show a strong improve-
ment of τBO, and hence a reduction of the light degradation,
after the SiN hydrogenation treatment. The strongest effect
is observed for Cz material 2 with an improvement of τBO

from 8 to 28 µs (the effective lifetime measured after deg-
radation increased from 6 to 15 µs), corresponding to a
reduction of the light-induced defect concentration by a
factor of 3.5. For a 250-µm thick 1-Ωcm solar cell with
singly diffused emitter (sheet resistance 100 Ω/sq), good
surface passivation and well-optimised optical properties
this would correspond to an increase in the open-circuit
voltage from 600 to 623 mV and an improvement in effi-
ciency from 17.6 to 19.0%.

This is to our knowledge the first time that a reduction
of the lifetime degradation in B-doped Cz silicon by means
of hydrogenation is reported. The SiN hydrogenation could
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Figure 3:  Inverse capture time constant for electrons
1/τn0 of the light-induced deep-level recombination cen-
tre as a function of the boron doping concentration Ndop.
1/τn0 increases proportionally with Ndop, as indicated by
the solid line.



be easily combined with a firing-through-the-SiN screen-
printing metallisation and is, therefore, a very attractive
method of reducing the light degradation of commercially
produced Cz silicon solar cells.

 It should be noted that the annealing step alone (i.e.,
without SiN deposited on the wafer surfaces) did not result
in any reduction of the lifetime degradation.

4. CONCLUSIONS

The nature of the light-induced defects in boron-doped
Cz silicon wafers was investigated by a new lifetime spec-
troscopy method. It was found that the energy level of the
fundamental light-induced recombination centre lies close
to the middle of the silicon bandgap between Ev + 0.35 eV
and Ec – 0.45 eV. This important finding excludes the for-
merly proposed boron-oxygen pair as a possible candidate
for the defect centre, as the energy level of the boron-
oxygen pair is known to lie at Ec – 0.26 eV. Our results
indicate the formation of a new boron-oxygen complex of
the type BOn with preliminary evidence from other investi-
gators [6] that n ≈ 5.

Remedies to the degradation problem exist, including
the replacement of boron by gallium as a dopant and the
growth of Cz ingots aided by magnetic confinement, re-
sulting in a strongly reduced oxygen contamination. These
methods require modifications to the ingot growth. In ad-
dition, we have demonstrated a method that can alleviate
the problem in today’s B-doped, O-laden Cz materials. It is
based on the hydrogenation of the light-induced boron-
oxygen complexes. The method consists of two steps: first,
plasma silicon nitride films containing large amounts of
atomic hydrogen are deposited on top of the wafer surfaces.
Second, the wafer is annealed for 60 s at 750°C to diffuse
the hydrogen into the bulk. It was demonstrated that the

method is capable of reducing the light-induced defect
concentration by a factor of 2 to 3.5. The SiN hydrogena-
tion is very attractive for commercial solar cell fabrication
as it could be easily combined with a firing-through-the-
SiN screen-printing metallisation step.
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Figure 4: Effect of the SiN hydrogenation treatment on
different B-doped Cz materials.  Subsequent to the SiN
deposition, the samples were annealed at 750°C for 60
s. τBO = (1/τi-1/τa)

-1 is the SRH lifetime of light-induced
boron-oxygen complex.


