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In order to study the electronic properties of the recombination centers responsible for the light-
induced carrier lifetime degradation commonly observed in high-purity boron-doped Czochralski
(Cz) silicon, injection-level dependent carrier lifetime measurements are performed on a large num-
ber of boron-doped p-type Cz silicon wafers of various resistivities (1 – 31 Ωcm) prior to and after
light degradation. The measurement technique used is the contactless quasi-steady state photocon-
ductance method, allowing carrier lifetime measurements over a very broad injection range between
1012 and 1017 cm-3. To eliminate all recombination channels not related to the degradation effect, the
difference of the inverse lifetimes measured after and before light degradation is evaluated. A de-
tailed analysis of the injection level dependence of the carrier lifetime change using the Shockley-
Read-Hall theory shows that the fundamental recombination center created during illumination has
an energy level between Ev + 0.35 eV and Ec - 0.45 eV and an electron/hole capture time constant
ratio between 0.1 and 0.2. This deep-level center is observed in all samples and is attributed to a new
type of boron-oxygen complex. Besides this fundamental defect, in some samples an additional
shallow-level recombination center at 0.15 eV below Ec or above Ev is found to be activated during
light exposure. This second center dominates the light-degraded carrier lifetime only under high-
injection conditions and is hence only of minor importance for low-injection operated devices.

I. INTRODUCTION

Carrier lifetime instabilities in boron-doped Czochral-
ski (Cz) grown silicon have been extensively investigated in
the past and several distinct phenomena have been reported.
One of the most frequently investigated is the degradation
of the carrier lifetime as a consequence of illumination with
‘white’ light, minority-carrier injection in the dark, and also
annealing. The effect has been explained in terms of the
dissociation of iron-boron pairs and is, therefore, linked to
the degree of iron contamination in the material.1-3 The
effect can also be observed in iron-contaminated boron-
doped float-zone silicon and is not restricted to Cz silicon.1

A more fundamental light-induced carrier lifetime deg-
radation has been observed in metal-impurity free boron-
doped Cz silicon.4 Similar to the iron-boron dissociation,
this degradation effect also occurs in the dark when minor-
ity carriers are injected (e.g., by a forward-biased pn junc-
tion), leading to the important conclusion that the degrada-
tion is caused by excess charge carriers and not directly by
photons.5,6 However, in contrast to the iron-correlated life-
time degradation, which also occurs during annealing above
~100°C,1-3  the latter degradation effect is fully reversible
during annealing above 200°C,4-7 i.e., the degraded lifetime
recovers during low-temperature annealing, making it rela-
tively easy to distinguish between both effects. Since most
of today’s high-purity Cz-grown silicon crystals are virtu-
ally free of any metal impurities, a fundamental under-
standing of the carrier lifetime variations in this material
becomes more and more important, in particular with regard
to devices such as solar cells and bipolar transistors, where

the carrier recombination lifetime is the most influential
physical parameter.

Although the light-induced lifetime degradation in
metal-impurity free boron-doped Cz silicon had already
been discovered more than two decades ago,4 a conclusive
explanation of the effect is still to be found. Schmidt et al.8

recently proposed a defect reaction model capable of ex-
plaining the lifetime degradation under illumination (or,
alternatively, minority-carrier injection) as well as the re-
covery during low-temperature annealing. In this model, a
lifetime-reducing recombination center made up of one
interstitial boron and one interstitial oxygen atom is created
under illumination (large concentrations of oxygen are
practically unavoidable in Cz silicon due to the partial dis-
solution of the silica crucible during the growth process).
Interestingly, the experiments showed that gallium-doped
and phosphorus-doped Cz silicon as well as oxygen-free
float-zone silicon samples did not present the lifetime deg-
radation effect, which is thus exclusively linked to the si-
multaneous presence of boron and oxygen in the material.8

More recently, Glunz et al.9 have also found a strong
correlation between the light-induced lifetime degradation
in Cz silicon and the boron as well as the oxygen concen-
trations. However, whereas they found an approximately
linear increase of the lifetime degradation with boron dop-
ing concentration, a strongly superlinear increase with inter-
stitial oxygen concentration was observed (approximately to
the fifth power). These results give rise to the suspicion that
the recombination center responsible for the light-induced
carrier lifetime degradation in Cz silicon is probably associ-
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ated with a defect compound more complex than the simple
boron-oxygen pair.

In this paper, the electronic properties of the recombi-
nation centers generated during illumination with ‘white’
light in boron-doped Cz silicon are investigated for the first
time. While previous work mainly focused on lifetime
measurements at a single carrier injection level (usually in
the very low injection range), the present study explores a
broad carrier injection range between 1012 and 5×1016 cm-3

in conjunction with the use of various Cz silicon wafers
with boron doping concentrations ranging from 4.3×1014 to
1.4×1016 cm-3. The injection level dependence of the life-
time degradation is theoretically analyzed using the Shock-
ley-Read-Hall (SRH) recombination model.10,11 Given the
broad range of dopant densities and carrier injection levels
covered in the experiments, the fitting of the SRH model to
the measurements allows for a very narrow restriction on
the energy levels of the recombination centers and their
corresponding electron/hole capture time constant ratios.
From this data, conclusions on the nature of the light-
generated centers can be derived.

II. EXPERIMENTAL DETAILS

The samples investigated in this study are 260-560 µm
thick (100)-oriented high-purity Cz silicon wafers obtained
from various manufacturers. All wafers are boron-doped
with resistivities between 1 and 31 Ωcm. In order to mini-
mize the surface recombination, both surfaces of each wafer
were coated with silicon nitride films deposited in a remote
plasma-enhanced chemical vapor deposition system at
375°C. This low-temperature surface passivation scheme
has proven to result in very low surface recombination ve-
locities below 10 cm/s.12,13 Prior to the silicon nitride depo-
sition, the wafers were damage-etched and received a stan-
dard RCA cleaning.

Several Cz wafers were checked to be free of metal im-
purities by applying a special phosphorus diffusion treat-
ment, which has proven to be a highly effective technique to
getter metal impurities in silicon.14,15 The phosphorus get-
tering treatment did not change the lifetime degradation and
recovery behaviour of the wafers appreciably, indicating
that the samples are virtually free from metallic impurities.
The interstitial oxygen concentration of all Cz wafers was
found to be very similar, ranging from 5.5 to 7.8×1017 cm-3,
as determined by means of Fourier transform infrared spec-
troscopy.16

The effective carrier recombination lifetimes of the Cz
silicon wafers were measured by means of the contactless
quasi-steady state photoconductance (QSSPC) method,17,18

using a WCT-100 system from Sinton Consulting with
improved sensitivity. In this system, the sample is induc-
tively coupled to a calibrated rf circuit whose output voltage
is directly correlated to the conductance of the sample.

During each measurement, the sample is exposed to a
slowly decaying illumination intensity (decay time constant
~2 ms), generated by means of an ordinary photo flash lamp
(Quantum Turbo T2). Since the light intensity of the flash
varies only over about one decade, different combinations
of grey filters are used to enlarge the accessible injection
range to about four decades. The time-dependent output
signal of the rf circuit is recorded with an oscilloscope
(Tektronix TDS 310) and converted into the photoconduc-
tance. Using an appropriate mobility model and assuming a
spatially uniform injection profile throughout the wafer, the
excess carrier concentration ∆n is calculated from the pho-
toconductance signal. Simultaneously, the light intensity is
measured with a calibrated silicon concentrator solar cell
and the signal is recorded on the second channel of the
oscilloscope. From the latter measurement, the generation
rate G is calculated. The effective carrier lifetime is then
determined by the expression τeff = ∆n/(G-d∆n/dt).19 In
comparison with the traditional photoconductance decay
(PCD) technique, the QSSPC method is capable of meas-
uring carrier lifetimes in a much wider injection range. A
detailed comparison of both techniques can be found in the
literature.14,20 The QSSPC system was also used for the
accurate determination of the base resistivity of the investi-
gated Cz wafers.

The light degradation of the samples was performed on
a temperature-controlled stage at 25°C by means of a halo-
gen lamp at a light intensity of 100 mW/cm2. The relatively
short light pulses of the flash lamp did not produce any
significant degradation of the lifetime.

III. RESULTS AND DISCUSSION

All Cz silicon wafers investigated in this study showed
a pronounced degradation of the effective carrier lifetime
under illumination with white light. In Fig. 1, the τeff values
of several samples, measured at a fixed injection level of
2.5×1013 cm-3, are plotted versus the duration of the light
exposure. In agreement with the behaviour reported in the
literature, the degradation was found to be fully reversible
by a low-temperature anneal above approximately 200°C. It
should be noted that the degradation/recovery cycle was
repeatable many times without notable change. In order to
exclude the possibility of a changing surface recombination
velocity during illumination or annealing, silicon-nitride
passivated high-purity float-zone silicon wafers were illu-
minated and annealed in parallel with the Cz silicon wafers.
The effective carrier lifetime of these reference wafers did
neither change during illumination nor low-temperature
annealing. Hence, the observed τeff variation of the boron-
doped Cz silicon wafers is exclusively related to a changing
bulk carrier lifetime.
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Figures 2 and 3 show the measured effective carrier
lifetime as a function of the excess carrier concentration for
two Cz silicon wafers representative of the samples investi-
gated in this study. Fig. 2 shows the results obtained on a
low-resistivity (1.75 Ωcm, commonly used for solar cells)
Cz silicon wafer, while the data of Fig. 3 were measured on
a high-resistivity (14.0 Ωcm, typically used for microelec-
tronic applications) Cz silicon wafer. The open circles were
measured after annealing the samples for 15 min at 250°C,
whereas the closed circles were measured after illuminating
the wafers at a controlled temperature of 25°C for more
than 40 h with a halogen lamp (light intensity 100
mW/cm2), leading to a complete degradation of the carrier
lifetime (see Fig. 1).

Qualitatively, the τeff(∆n) dependence of all the Cz wa-
fers investigated in this study is very similar. The most
important feature of all the τeff(∆n) curves is a strong in-
crease of the measured effective carrier lifetime with in-
creasing ∆n above an injection level of about 1013 cm-3.
However, in the case of the 1.75-Ωcm Cz silicon wafer of
Fig. 2 the observed increase in carrier lifetime is  more
pronounced after light degradation than after annealing,
while the inverse behaviour is observed for the 14.0-Ωcm
Cz wafer of Fig. 3. The reason for this difference between
low- and high-resistivity material is the influence of the
surface recombination on the measured effective lifetime.
Since the carrier lifetime of the high-resistivity wafer of Fig.
3 is approximately one order of magnitude larger than the
lifetime measured on the low-resistivity wafer of Fig. 2, the
surface recombination has a much stronger influence in the
case of the 14.0-Ωcm compared to the 1.75-Ωcm Cz silicon
wafer. As the applied silicon nitride surface passivation
scheme is known to produce a strongly injection-level de-
pendent effective surface recombination velocity,12,13 it is
highly likely that the effective carrier lifetime measured on
the annealed 14.0-Ωcm Cz silicon wafer reflects mainly the
injection level dependence of the surface passivation qual-
ity. In contrast, the τeff(∆n) dependence measured on the
1.75-Ωcm Cz silicon wafer is largely determined by the
recombination in the bulk of the wafer. Hence, the en-
hancement of the increase of τeff with increasing ∆n after
light exposure observed for the 1.75-Ωcm Cz silicon wafer
is predominantly due to the properties of the light-generated
recombination centers. At high injection levels (above the
doping concentration of the wafer), a decrease of the meas-
ured lifetime with increasing excess carrier concentration is
observed (see Figs. 2 and 3). This decrease is partly due to a
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FIG. 1. Measured effective carrier lifetime as a function of the illu-
mination time (halogen lamp, intensity 100 mW/cm2, 25°C) of
several boron-doped Cz silicon wafers at a fixed injection level of
2.5×1013 cm-3.
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FIG. 2. Measured effective carrier lifetime as a function of the excess
carrier concentration of a 1.75-Ωcm boron-doped Cz silicon wafer
after annealing at 250°C for 15 min (open circles) and after light
degradation with a halogen lamp (intensity 100 mW/cm2) at 25°C for
~40 h (closed circles).
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FIG. 3. Measured effective carrier lifetime as a function of the excess
carrier concentration of a 14.0-Ωcm boron-doped Cz silicon wafer
after annealing at 250°C for 15 min (open circles) and after light
degradation with a halogen lamp (intensity 100 mW/cm2) at 25°C for
~40 h (closed circles).
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shallow recombination center in the bulk (discussed below)
and partly due to an increasing surface recombination ve-
locity. At very large injection levels, the measured lifetime
is dominated by the Auger recombination lifetime, showing
an inversely quadratic decrease with increasing injection
level.

At very low injection levels (∆n < 1013 cm-3), the meas-
ured carrier lifetime increases with decreasing excess carrier
concentration. This strange behaviour has also been ob-
served recently 23 in multicrystalline silicon wafers (al-
though occurring at much higher injection levels) and ex-
plained in terms of a carrier trapping model developed by
Hornbeck and Haynes in 1954.24 Since this study concen-
trates on the investigation of recombination properties, the
trapping effect is not further considered here.

From the above discussion it becomes evident how dif-
ficult it is to extract only the behaviour of the light-
generated recombination centers from the measured effec-
tive carrier lifetimes. Therefore, in the following, instead of
considering the measured τeff, we investigate the injection
level dependence of the quantity (1/τi-1/τa)

-1, where τi is the
effective carrier lifetime measured after illumination and τa

is the effective lifetime measured after low-temperature
annealing. Assuming that all other defects within the Cz
silicon wafers as well as the silicon nitride surface passiva-
tion are not affected by the illumination/annealing treat-
ments, the quantity (1/τi-1/τa)

-1 should equal the SRH life-
time τSRH of the light-generated recombination centers. This
evaluation scheme eliminates also the influence of all intrin-
sic recombination channels like Auger and radiative recom-
bination.

In Fig. 4 the measured dependences of the quantity (1/τi-
1/τa)

-1 on ∆n of Cz silicon wafers with different boron con-

centrations are shown. The solid lines represent the theo-
retically calculated dependences using the standard SRH
equation10,11
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where τn0, τp0 are the capture time constants and n0, p0 are
the thermal equilibrium carrier concentrations of electrons
and holes, respectively. Trapping is assumed to be negligi-
ble, i.e., the excess carrier concentrations of electrons and
holes are equal (∆n = ∆p). The quantities n1 and p1 are
given by the expressions
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where Et is the energy level of the recombination center, Ec

and Ev are the energetic positions of the conduction and
valence band edge, and Nc and Nv are the effective state
densities in the conduction and valence band.

The increase of the quantity (1/τi-1/τa)
-1 with increasing

∆n at low excess carrier concentrations observed for all Cz
silicon wafers independent of their resistivity can be mod-
eled assuming a recombination center with a deep energy
level. For the calculations shown as solid lines in Fig. 4 a
midgap center was chosen (the range of possible energy
levels is discussed further below) and the characteristic ratio
τn0/τp0 of the center was slightly adjusted between 0.1 and
0.2. Only in the case of the 31.0-Ωcm Cz wafer a higher
τn0/τp0 value of 0.4 was used. This deviation might be due to
the relatively large error of the data points obtained on the
31.0-Ωcm wafer, because the maximum light-induced
change in the effective carrier lifetime of this sample was
only 32%. Nevertheless, the measurement on the 31.0-Ωcm
wafer gives a very important information, since it strongly
restricts the range of possible energy levels. The detailed
analysis shows that the calculated injection-level dependent
SRH lifetimes  (solid lines in Fig. 4) are invariant against
variations of  the defect energy level between Ev + 0.35 eV
and Ec – 0.45 eV. Hence, it can be concluded from our
measurements that this is the energy range in which the
fundamental recombination center responsible for the light-
induced carrier lifetime degradation in boron-doped Cz
silicon can be found.

The most important result of this analysis is that the re-
striction of the energy level excludes the boron-oxygen pair
as a possible candidate for the light-generated recombina-
tion center, since the energy level associated with the boron-
oxygen pair is known to lie in the range between Ec – 0.27
eV and Ec – 0.26 eV, as determined from DLTS measure-
ments on electron-irradiated Cz silicon.25-27 It should be
noted that, in contrast to the situation on the high-resistivity
Cz wafers, in the case of the Cz wafers with resistivity < 2
Ωcm it is also possible to model the injection level depend-
ence of the measured (1/τi-1/τa)

-1 by the energy level of the
boron-oxygen pair.28 However, due to the large doping
concentration of these wafers, the same injection-level de-
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FIG. 4. Measured injection level dependence of the quantity (1/τi-
1/τa)-1 for several boron-doped Cz silicon wafers with different resis-
tivity (symbols). τi is the effective lifetime 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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pendent SRH lifetime is obtained for a very large range of
possible energy levels. Hence, the results obtained on low-

resistivity Cz wafers alone would not result in a sufficient
restriction of the energy level in order to exclude the boron-
oxygen pair.

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

-1, for some samples it was
necessary to introduce a second light-generated recombina-
tion center with a shallow energy level. The shallow energy
level produces a decreasing SRH lifetime at the upper end
of the measured injection range, a behaviour which was
indeed observed in several samples (see Fig. 4). An excel-
lent agreement between experiment and theory was obtained
for an energy level of Ec – 0.15 eV in combination with a
τn0/τp0 value ≤ 1 or, alternatively, for an energy level of Ev +
0.15 eV and τn0/τp0 ≥ 1.

Figs. 5 and 6 show the data points (open circles) meas-
ured on the 1.75-Ωcm and the 14.0-Ωcm Cz silicon wafer,
respectively, together with the calculated injection-level
dependent SRH lifetimes for the shallow and the deep-level
center (dashed lines) as well as the total SRH lifetime (solid
lines). The latter quantity was simply determined by adding
the inverse deep-level and shallow-level SRH lifetimes and
calculating the inverse of the result. However, a shallow-
level recombination center cannot be found in all samples,
as demonstrated in Fig. 7, where the measurement results of
an 8.0-Ωcm Cz silicon wafer are shown (open circles). The
solid line in Fig. 7, which is calculated for the deep-level
recombination center only, perfectly fits the measurement
and no additional recombination center is required to ade-
quately model the observed dependence. From these results
it can be concluded that only the deep-level center is a
really fundamental light-generated recombination center in
boron-doped Cz silicon.
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FIG. 5. Injection level dependence of (1/τi-1/τa)-1 for the 1.75-Ωcm
boron-doped Cz silicon wafer of Fig. 2 (open circles). The dashed
lines show the calculated injection-level dependent SRH lifetime of
the assumed shallow and the deep-level recombination center, re-
spectively. The solid line shows the total SRH lifetime.
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FIG. 6. Injection level dependence of (1/τi-1/τa)-1 for the 14.0-Ωcm
boron-doped Cz silicon wafer of Fig. 3 (open circles). The dashed
lines show the calculated injection-level dependent SRH lifetime of
the assumed shallow and the deep-level recombination center, re-
spectively. The solid line shows the total SRH lifetime.
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FIG. 7. Injection level dependence of (1/τi-1/τa)-1 for an 8.0-Ωcm
boron-doped Cz silicon wafer (open circles). The solid line shows the
calculated injection-level dependent SRH lifetime of the assumed
deep-level recombination center.
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Besides the energy level, the SRH model also gives in-
formation on the capture time constant for electrons τn0

(and, as the τn0/τp0 ratio has been assumed to be constant,
that for holes as well) of the fundamental deep-level center.
As shown in Fig. 8,  the values of τn0 for the different sam-
ples are strongly dependent on the respective boron doping
concentration Ndop. According to the SRH theory, the quan-
tity 1/τn0 equals the product vth σn Nt , where vth is the ther-
mal velocity of electrons, σn is the electron capture cross
section, and Nt is the concentration of the recombination
center created during illumination. Hence, 1/τn0 is directly
proportional to the concentration of the light-generated
recombination centers. The solid line in Fig. 8 shows that
1/τn0, and hence the concentration of the recombination
centers, increases proportionally with Ndop. This finding
suggests that just one boron atom is probably involved in
the defect complex responsible for the light degradation in
boron-doped Cz silicon. Although it should be kept in mind
that the experiments by Glunz et al.,9 do not allow for a
determination of the fundamental capture time constant,
their finding that there is a linear correlation between the
boron concentration and the lifetime degradation supports
this conclusion. In addition, Glunz et al. also found that the
SRH lifetime of the light-generated recombination centers
decreases with the interstitial oxygen concentration by a
potential dependence of order five. Together with the exclu-
sion of the boron-oxygen pair, these results strongly suggest
that the light-generated recombination center is a new bo-
ron-oxygen complex, probably of the type ‘BOn’ with n ≈ 5.
However, it is also possible that several other defect spe-
cies, like silicon interstitials or vacancies, are constituents
of the proposed defect complex.

The nature of the light-generated shallow-energy recom-

bination center observed in some of the investigated Cz
silicon wafers can only be speculated. The energy level of
Ec – 0.15 eV could, for example, be associated with a ther-
mal donor (TD) level. Two different TD levels have been
identified by means of DLTS measurements on Cz silicon
with high oxygen concentration (> 1017 cm-3).29 One of
these levels was found at Ec – 0.07 eV, the other at Ec –
0.15 eV.29 A recently reported bistability of these defects30

might be able to explain the observed behaviour.

IV. CONCLUSIONS

 Our analysis of injection-level dependent carrier life-
time measurements has contributed to shed some light on
the nature of the recombination centers created during illu-
mination of metal-free boron-doped Cz silicon. We have
found two different kinds of defect centers. One of them is a
shallow-level center at 0.15 eV below Ec or above Ev. This
center was, nevertheless, found only in some samples and it
contributes to the total SRH lifetime only at injection levels
much larger than the dopant density.

The recombination center mainly responsible for life-
time degradation phenomenon has an energy level located
in the middle of the silicon bandgap, with our experiments
indicating that it lies in the narrow range between Ev + 0.35
eV and Ec – 0.45 eV. This excludes the formerly proposed
boron-oxygen pair as a possible candidate for the light-
generated defect center. We have also studied the funda-
mental capture time constant for electrons associated to the
recombination center and found that its inverse increases
proportionally with boron concentration. This indicates that
just one boron atom is involved in the light-generated deep-
level center. Our results indicate, therefore, the formation of
a new boron-oxygen complex of the type ‘BOn’. There is
preliminary evidence from other investigators that n ≈ 5,
that is, that five oxygen atoms might be involved in the
complex. However, it cannot be ruled out that other defect
species, like silicon interstitials or vacancies, are constitu-
ents of the defect complex. Further theoretical as well as
experimental investigations have to be performed in order
to reveal the detailed structure and the formation kinetics of
the new BOn complex.
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damental light-generated deep-level recombination center as a func-
tion of the boron doping concentration Ndop. The quantity 1/τn0
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