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This paper introduces a photoluminescence-based technique for determining the acceptor concentration
in silicon wafers by measuring the formation rate of iron-acceptor pairs. This rate is monitored by bandto-band photoluminescence in low injection, the intensity of which is proportional to the carrier lifetime.
The technique is demonstrated with an iron-implanted ﬂoat zone silicon wafer, heavily compensated
Czochralski-grown silicon wafers with iron contamination and an upgraded metallurgical-grade silicon
wafer containing natural iron. The FeB pairing rates measured on the ﬂoat zone sample at different
temperatures yield an activation energy that correlates closely to the migration enthalpy associated with
the diffusion of iron in silicon, conﬁrming that the changes observed are indeed due to iron-acceptor
pairing. The acceptor concentrations determined in the strongly compensated Czochralski-grown silicon
wafers and the upgraded metallurgical silicon wafer using the new technique were consistent with the
values obtained by the Quasi-Steady-State Photo Conductance lifetime measurement technique and
inductively coupled plasma mass spectroscopy respectively, thus proving its usefulness.
& 2011 Elsevier B.V. All rights reserved.
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1. Introduction
It is well known that iron, one of the most common impurities
in silicon solar cell materials, has a detrimental impact on the
minority carrier lifetime due to the defect states introduced by iron
and its complexes with acceptors in the band gap of silicon [1].
This paper exploits the reaction kinetics of iron with shallow
acceptors, to obtain information on the dopant concentration of
the silicon substrate via band-to-band photoluminescence. This
non-destructive way of obtaining dopant concentrations can be
used in the analysis of low cost silicon materials, irrespective of the
presence of dopant compensation [2].
It is known that Fei and FeB impurities exist in equilibrium
proportions in silicon at a given temperature [3]. When the
equilibrium state is perturbed by external stimulation, for example by optical or thermal activation, the resulting Fei concentration will resume its equilibrium proportions through an
exponential decay with a time constant that is determined by
the diffusivity of interstitial Fe, the dopant concentration and the
temperature [4,5]. This results in a direct correlation between the
FeB re-paring time constant and the dopant concentration at any
given temperature.
As the pairing of Fei with acceptor atoms has a clear signature
on the carrier lifetime of p-type silicon, time-resolved lifetime
measurements using conventional lifetime techniques can be
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used to determine the total acceptor concentration. A technique
has been proposed in recent years to conduct such measurements
using Quasi-Steady-State Photo Conductance lifetime measurements (QSSPC) [2]. This paper proposes another technique based
on the steady-state band-to-band photoluminescence intensity,
which has some distinct advantages since it is more easily
applicable under true low injection conditions.
Monitoring the band-to-band photoluminescence intensity is a
highly sensitive method for measuring the excess carrier lifetime.
It can be performed in transient mode [6], quasi-steady-state
(QSSPL) [6] or true steady state (SS), as is done with the recent
photoluminescence imaging technique [7]. QSS and SS PL lifetime
measurements can be performed down to injection levels as low
as 1  109 cm  3 [8]. Such photoluminescence measurements are
unaffected by various experimental artefacts caused by minority
carrier trapping and depletion region modulation at low injection,
as opposed to QSSPC [9]. This provides a clear advantage in this
context, since it allows steady-state PL measurements lasting for
many seconds to be performed without breaking FeB pairs during
the measurement itself, which would otherwise result in an
incorrect determination of the re-pairing time constant [4]. This
is due to the fact that the pair breaking rate is proportional to the
square of the generation rate [10], and so measurements performed with weak generation rates, which corresponds to low
injection, can avoid signiﬁcant iron-acceptor pair breaking.
Lastly, it is worth noting that monitoring of iron-acceptor
kinetics can be carried out over a wide range of temperatures.
Experiments carried out at higher temperature will result in a
shorter observation time frame needed to capture the full
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dynamic process of the association; conversely, a lower temperature will result in a longer observation time window. This
ﬂexibility becomes useful when measuring samples that contain
very high acceptor concentration (e.g. b1  1016 cm  3) or very
low acceptor concentration (e.g. 51  1016 cm  3).

2. Theory
2.1. The iron–boron reaction kinetics
The kinetics of the iron–boron pairing is described by [11]
Feiþ

þ B
s 2FeB

FeB is dissociated when the equilibrium is perturbed by
illumination, heating or carrier injection. Once the excitation
source is removed, the resulting Fei relaxes to the paired equilibrium state with a time constant tassoc that is dopant density and
temperature dependant [4]


BT
0:66
ð1Þ
tassoc ¼
exp
NA
kT
where the constant B ¼5.7  105 s/K cm3 [12]. The temperature T
is in Kelvin (several temperatures were used in this study), NA is
the acceptor concentration (cm  3), Boltzmann’s constant
k¼8.617  10  5 eV/K and tassoc is in units of seconds.
If we deﬁne the relative instantaneous interstitial iron concentration Rel[Fei](t) as
Rel½Fei ðtÞ ¼

½Fei ðtÞ
½Fei ðtÞ þ½FeBðtÞ

ð2Þ

then the reduction in the relative iron concentration Rel[Fei](t)
can be described by a ﬁrst order exponential decay equation as
follows:


t
ð3Þ
Rel½Fei ðtÞ ¼ exp 

tassoc

The absolute instantaneous interstitial iron concentration
[Fei](t) during pairing is given by [13,14]


1
1
½Fei ðtÞ ¼ C

ð4Þ
tðtÞ tf
where C is a prefactor dependant on the dopant density and
excess carrier density, t(t) is the instantaneous lifetime andtf is
the lifetime measured after complete re-pairing of FeB.
The association time constant tassoc can then be derived from
the slope of a plot of lnðð1=tðtÞÞð1=tf ÞÞ versus t.
The extraction of the re-pairing rate constant (and thus NA)
using the relative iron concentration, Rel[Fei](t) means that careful calibration of the PL intensity to determine the absolute values
of the generation rate and carrier lifetime is not necessary.
2.2. Photoluminescence technique
The measured photoluminescence intensity, or count rate, IPL (s  1)
is proportional to the rate of radiative recombination, Rrad and is thus
proportional to the product of the minority and majority carrier
densities.
IPL ¼ Ai B n p  Ai B DnðNA þ DnÞ

ð5Þ

where Ai is a scaling factor, B the radiative recombination coefﬁcient
and NA denotes the bulk dopant concentration for non-compensated
p-type silicon [8]. At low injection, when Dn 5NA, IPL ¼Ai B Dn NA.
Thus, IPL depends linearly on Dn [8,15].
Since in steady-state, Dn ¼Gt, where G is the generation rate
(cm  3 s  1), then IPL is simply proportional to t, and we may

extract the association time constant from the exponential decay
of IPL itself.

3. Experimental
The primary test sample was a 0.88 O cm, 0.0209 cm thick
boron-doped ﬂoat zone wafer. After initial surface etching and
cleaning, the sample was subjected to implantation of 70 keV Fe
ions with a dose corresponding to a target volume concentration of
8.2  1011 cm  3 in the central area of size 30  30 mm2. After RCA
cleaning, the wafer was then annealed at 1173 K (900 1C) for 60 min
in nitrogen to distribute the Fe evenly through the sample. The
solubility of Fe in silicon at 1173 K (900 1C) is 4  1013 cm  3 [1], so
precipitation or out-diffusion of iron could be avoided. SiN ﬁlms
were then deposited by Plasma-Enhanced Chemical-Vapour Deposition (PECVD) on both surfaces, to allow sensitive measurement of
the bulk lifetime. The other samples were two strongly compensated Czochralski silicon wafers, which contained iron that was
deliberately introduced by annealing at high temperature with some
iron contaminated wafers [16] and a p-type CZ wafer made from
heavily doped Upgraded Metallurgical-Grade Silicon (UMG-Si),
which contained natural concentrations of Fe.
PL measurements were obtained with a BT Imaging LIS-R1
system. During photoluminescence measurement, steady-state
carrier generation was achieved with an 808 nm laser diode array
with adjustable intensity. The band-to-band photoluminescence
radiating from the samples was detected by a one megapixel
silicon charge-coupled device camera through a ﬁlter that eliminates laser illumination reﬂected from the sample [17]. The
photoluminescence count rate was averaged over several square
centimetres of the sample in order to produce an improved signal
to noise ratio.
FeB dissociation was achieved by illuminating the samples
with multiple ﬂashes of intense white light ( E400 suns peak
intensity) of 10 ms duration. The PL intensity was recorded as a
function of time after the initial lifetime measurement at t ¼0, the
time when the last ﬂash was terminated.
The temperature of the sample was monitored using an
infrared thermometer to keep track of any possible temperature
ﬂuctuations in the sample that were caused by either illumination
with the laser diode array, or the surrounding environment. The
temperature variation was found to be within 71 K. A control
experiment was also performed on the sample without applying
the initial FeB pair breaking illumination to evaluate the noise in
the PL count rate at constant temperature. An uncertainty of 1%
was obtained. Other sources of uncertainty include the measurement of tf and the thermometer sensitivity limit, which constitute
a further 2–3% uncertainty. The cumulative effect of these
uncertainties propagates through the computation of tassoc and
results in the uncertainty ranges represented in Fig. 4. Lower
temperatures were achieved by immersing the samples in chilled
or icy water.

4. Results and discussion
4.1. Fe-implanted ﬂoat zone silicon wafer
4.1.1. Deriving the iron–boron re-pairing time constant
Fig. 1 shows the time-resolved average PL count rate of a
30  30 mm2 section of the iron-implanted boron-doped FZ
sample. The incident photon ﬂux was 1.0  1016 cm  2 s  1. The
total acquisition time per data point was 6 s, which is small
compared to the time intervals. Assuming an optical absorption
factor of 0.6, the average generation rate was found to be
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Fig. 1. Time-resolved low injection PL count rate obtained at 307 K (34 1C) from
an iron-implanted boron-doped FZ sample. The increase in PL count rate as a
function of time reﬂects the re-pairing of FeB pairs.

around 2.9  1017 cm  3 s  1. Given the upper limit of the sample wafer lifetime, which is 15 ms, this gives a maximum excess
carrier concentration Dn value of 4.4  1012 cm  3, which is well
below the crossover point of the Fei and FeB characteristic
lifetime signatures [17], and represents low injection conditions. It can be seen that the PL count rate for this sample
increased as a function of time during the FeB association
process, consistent with being below the crossover point [18].
The solid line is a ﬁt corresponding to a single exponential with
a time constant tassoc of 667 s. The wide range of PL count rate
spanned by the measurement, courtesy of the fact that the
sample is dominated by the presence of Fe, has rendered the
measurement quite insensitive to noise, resulting in a clear
exponential ﬁt as shown in Fig. 2.

4.1.2. Comparing with quasi-steady-state (QSSPC) technique
Also shown in Fig. 2. is the decay in Rel[Fei](t) and the
corresponding tassoc value obtained from QSSPC [2] at 307 K
(34 1C). The QSSPC lifetimes were extracted at mid-injection
(tassoc ¼1  1015 cm  3) whereas PL was conducted at low injection. Since the injection level for the QSSPC data was above the
FeB crossover point, the QSSPC lifetime decreased with time, as
opposed to the PL counts. Nevertheless, the QSSPC data resulted
in a similar tassoc of 703 s. The close correlation between the two
results reveals the fact that the PL measurements, which were
performed in true low injection conditions, make it possible to
obtain a close approximation of tassoc due to the injection
independent characteristics of the carrier lifetime in low injection.
From the modelled carrier lifetime versus excess carrier concentration graph in Fig. 3, one can see that changes in excess carrier
concentration have little inﬂuence on the carrier lifetime in low
injection below 1  1013 cm  3 as reﬂected by the ﬂattened
curves. Under such conditions, tassoc extracted at a ﬁxed generation rate (shown by the angled arrow) will reﬂect the value
extracted at a ﬁxed excess carrier density Dn. Hence PL, which
operates at low injection can in principle be used to provide a
good estimation of tassoc. This experiment has shown that measurement below an excess carrier concentration of 1013 cm  3
resulted in a discrepancy of only 6%, which is acceptably small.
The energy levels and capture cross sections for Fei and FeB are
taken from Ref. [16].
Fig. 4 shows an Arrhenius plot of the pair formation rate
(proportional to 1/tassoc) as a function of inverse temperature for
the 0.88 O cm boron-doped ﬂoat zone wafer measured at 273 K

τassoc = 703s
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Fig. 2. tassoc derived from Fig. 1 (PL technique-ﬁxed generation rate) showing
good agreement with the tassoc (¼ 703 s) obtained using QSSPC (ﬁxed Dn) at 307 K
(34 1C).
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Fig. 3. Modelled carrier lifetimes due to Fei and FeB in 0.88 O cm boron-doped
p-type silicon with an iron concentration of 8.2  1011 cm  3 as a function of the
excess carrier concentration Dn [17]. The angled arrow next to PL indicates a
constant generation rate measurement technique (G). In contrast, the vertical
arrow next to QSSPC denotes a ﬁxed Dn technique.

(0 1C), 291 K (18 1C) and 307 K (34 1C). The activation energy
derived from the slope was 0.6670.03 eV, a value corresponding
closely to the known migration enthalpy of interstitial iron in
crystalline of silicon [1,19], which is 0.67–0.68 eV. This correlation demonstrates that the reaction we are observing is indeed
Fe-acceptor pair formation, and that the formation reaction is
limited by the diffusion of Fe, as is known to be the case [4]. The
NA value derived in this experiment via the extracted tassoc was
1.8  1016 cm  3, which is consistent with the NA result
(1.7  1016 cm  3) obtained from the resistivity measured via the
dark conductance (0.88 O cm).
4.2. Compensated Czochralski silicon wafers
The band-to-band photoluminescence technique was applied
to two heavily compensated passivated Czochralski-grown silicon
(Cz-Si) wafers doped with boron and phosphorus. Iron was
deliberately introduced to these two samples by annealing both
wafers at 1273 K (1000 1C) together with Fe-contaminated multicrystalline silicon wafers [16]. The incident ﬂux applied in the
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photoluminescence measurement was 1.3  1016 cm  2 s  1 and
the total acquisition time was 6 s per data point. Fig. 5 shows
the exponential ﬁts of the Rel[Fei](t) values of both compensated
CZ-Si wafers based on an average PL count rate obtained from a
16  16 mm2 section of the wafers. tassoc of 161 and 479 s were
extracted from these plots, which yield respective NA values of
1.1  1017 and 3.4  1016 cm  3. Comparative results of NA concentrations determined using the photoluminescence technique
and previous Quasi-Steady-State Photo Conductance lifetime
measurements (QSSPC)[16] are shown in Table 1. The NA concentrations derived from tassoc in this experiment were based on
the newly revised prefactor B (5.7  105 s/K cm3) which is 14%
higher than the prefactor B (5  105 s/K cm3), which the NA

-6.0
0.88 Ωcm B-doped FZ

-6.5
-7.0
ln (1/τassoc)

-7.5
-8.0
-8.5

EA = (0.66±0.03) eV

-9.0
-9.5
-10.0
0.0032

0.0033

0.0034
0.0035
1/Temp (K-1)

0.0036

0.0037

Fig. 4. Arrhenius plot of the pair formation rate for the B-doped FZ sample, giving
an activation energy of pair formation of EA ¼0.66 70.03 eV.

concentrations obtained using the QSSPC technique were computed from. Taking this into account, the discrepancy between the
two techniques is within 5%, which reﬂects good agreement
between the two techniques. The results conﬁrm that the technique is able to measure the total acceptor concentration NA, even
in the presence of strong compensation.
4.3. Heavily doped upgraded metallurgical graded silicon wafer
The last sample to which the new technique was applied was a
passivated CZ grown Upgraded Metallurgical-Grade (UMG-Si)
silicon wafer. Fig. 6 shows the time-resolved PL count rate taken
from a 25  29 mm2 section of the sample measured at 274.3 K
(1.3 1C) after the complete dissociation of FeB pairs. The incident
ﬂux in this measurement was 1.6  1017 cm  2 s  1 and the total
acquisition time was 4 s per data point. The FeB re-pairing process
was characterised by a time constant of 94 s as obtained from the
exponential ﬁt represented by the solid line in Fig. 6. Note that
the proportional change in PL counts is much smaller than that for
the Fe-implanted FZ sample, since in this case we are relying
on the presence of unintended iron in the sample. Nevertheless,
the change is sufﬁciently large to allow reliable extraction of
tassoc.
This tassoc obtained at 274.3 K (1.3 1C) corresponds to an
acceptor concentration of 2.2  1018 cm  3. The FeB re-pairing
kinetics measurement was repeated at different temperatures.
Table 2 lists the tassoc extracted at the respective temperatures
and their corresponding NA. As expected, the FeB repairing rate
increases as a function of temperature. There is some scatter in
the data due to the small change in PL intensity. The high
repairing rate for temperatures above 287 K (14 1C) makes it
difﬁcult for FeB association kinetics to be fully captured experimentally. The average NA obtained from this experiment, as
measured in the temperature range of 274.3 K (1.3 1C) to 287 K
(14 1C), was 1.670.7  1018 cm  3.
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Fig. 5. tassoc values of 161 and 479 s were obtained for the CZ samples #44 at
302 K (29 1C) and #45 at 303 K (30 1C), which correspond to acceptor concentrations of 1.2  1017and 3.6  1016 cm  3, respectively.
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Fig. 6. Time-resolved PL count rate obtained at 274.3 K (1.3 1C) from an upgraded
metallurgical-grade silicon wafer, yielding a tassoc of 94 s.

Table 1
Comparison of NA concentrations of the compensated CZ samples obtained using quasi-steady-state (QSSPC) and photoluminescence techniques. Resistivities were
measured by the four-point-probe method and equilibrium hole concentration p0ECV determined by ECV measurements [16].
Wafer

#44
#45

q from four-point-probe
(X cm) [16]

p0ECV from ECV
(cm  3) [16]

ND ¼ NA  p0ECV
(cm  3) [16]

Compensation ratio
C¼ NA þ ND/NA  ND [16]

NA (QSSPC technique);
(cm  3) [16]

NA (PL technique);
(cm  3)

0.52
1.2

4.1  1016
1.5  1016

5.1  1016
1.5  1016

3.5
3

9.2  1016
3.0  1016

1.1  1017
3.4  1016
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Table 2
Time constant of FeB formation kinetics for the UMG-Si wafer obtained at different
temperatures giving an NA range of 1.0  1018 to 2.4  1018 cm  3.

sassoc (s)

Temperature (K)
274.3 7 0.3
274.6 7 0.7
279.9 7 0.5
2807 0.3
2867 0.1
2877 0.2

94
185
130
58
47
44

NA (cm  3)

and can sometimes be based on the presence of natural Fe
present, rather than requiring the implantation of Fe.

Acknowledgements

18

2.2  10
1.1  1018
9.4  1017
2.1  1018
1.5  1018
1.5  1018

Table 3
Inductively coupled plasma mass spectroscopy results for the UMG-Si wafer.
Element

ppb by weight

Concentration (cm  3)

11

100007 2100
3707 140
38007 680

1.3 70.3  1018
5.27 1.9  1016
1.7 70.3  1017

B
27
Al
31
P
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An independent acceptor density measurement was performed
on the same sample by using inductively coupled plasma mass
spectroscopy (ICP-MS), which gave the elemental analysis results
shown in Table 3. The total acceptor concentration measured with
this technique was the sum of elements 11B and 27Al, which is
1.470.3  1018 cm  3, in good agreement with the average acceptor
concentration result measured by using the photoluminescence
technique. The results demonstrate that monitoring the iron-acceptor pair formation rate with low injection photoluminescence is a
useful, non-destructive tool for determining acceptor concentrations
in silicon materials, even when highly doped. Importantly, the
technique is applicable irrespective of the presence of compensating
dopants, as has been shown previously for the use of QSSPC
measurements [2].

5. Conclusion
In this paper, we have introduced a new technique for
determining the acceptor concentration in silicon wafers through
monitoring the Fe-acceptor kinetics using band-to-band photoluminescence. We have shown that tassoc derived from this
technique, which operates at a constant generate rate, agrees
well with tassoc extracted at a ﬁxed excess carrier density at midinjection level using QSSPC lifetime measurements. Low injection
level measurement conditions are best suited for monitoring FeB
kinetics, as unwanted FeB pair re-breaking during the measurement process can be effectively avoided. The photoluminescence
technique used here, being immune to minority carrier trapping
and depletion region modulation at low injection levels, is thus
the ideal tool for this application. The method can be used to
determine acceptor concentrations with quite high accuracy, even
in strongly compensated wafers or very heavily doped material,
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