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The recombination activity of iron-galliumsFeGad and iron-indiumsFeInd pairs in crystalline silicon
is studied by means of injection-dependent carrier lifetime measurements on Fe-implanted, Ga- and
In-dopedp-type silicon wafers of different resistivitiess0.3–15V cmd. Compared to FeB pairs,
FeGa and FeIn pairs are found to be much more effective recombination centers inp-type silicon.
Using Shockley–Read–Hall statistics we determine the energy levelEt of the FeGa-related center to
be 0.20 eV above the valence-band edgeEn. The strong recombination activity of FeGa is assigned
to its large electron-capture cross sectionsn of 4310−14 cm2. The hole-capture cross sectionsp is
2310−14 cm2. For the FeIn-related recombination center, our measurements show thatEt=En

+0.15 eV,sn=3.5310−13 cm2, and sp=1.5310−14 cm2. Strong illumination with white light is
found to dissociate both types of pairs. Storage of the samples in the dark leads to a full repairing
of FeGa and FeIn pairs. Lifetime changes measured before and after illumination can be used to
determine the interstitial iron concentration in Ga- and In-doped silicon using calibration factors
determined from the measured defect parameters. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1929096g

I. INTRODUCTION

Boron-dopedp-type silicon is the standard material in
microelectronics and photovoltaics. However, a fundamental
problem observed in solar cells made on this type of material
is the light-induced performance degradation associated with
the formation of boron-related defects. In particular in
oxygen-rich Czochralski-grownsCzd silicon, a pronounced
degradation in the solar cell efficiency can be observed,1

which could recently be attributed to the formation of a
highly recombination-active boron-oxygen complex.2–5 Sev-
eral strategies have been developed in recent years to reduce
this degradation6 and one of the most successful methods to
completely avoid the effect turned out to be the replacement
of boron by alternative dopants, such as gallium and
indium.2,5,7,8The fact that the segregation coefficients of Ga
and In in Si are well below that of B in Si causes a much
stronger resistivity variation over the crystal height com-
pared to B-doped Si crystals. However, in the case of Ga-
doped Cz-Si, the variation in resistivity has been demon-
strated to be tolerable for the fabrication of high-efficiency
solar cells.9 In fact, recent results of different groups have
indicated that Ga-doped Cz-Si is excellently suited as a base
material for the production of high-efficiency solar cells.6

The segregation coefficient of In in Si is probably too low to
allow for an application to solar cells. However, this has not
been studied in detail so far. As neither gallium nor indium
have been used in the microelectronics or photovoltaics in-
dustry as dopants in silicon up to now, there are only very
few studies on the interaction of these shallow acceptors with
other impurities, in particular iron, which is one of the most

important contaminants in silicon.10,11Furthermore, there is a
severe lack of information concerning the recombination
strength of FeGa and FeIn in Si. Up to now, there have only
been two studies on the recombination activity of FeGa pairs
in Si,12,13 both indicating a very strong recombination activ-
ity of FeGa pairs. No study has been published so far on the
recombination activity of FeIn pairs in Si.

This paper aims at gaining a more detailed knowledge of
the recombination parameters of FeGa and FeIn pairs in sili-
con to judge the susceptibility of Ga- and In-doped silicon to
iron contamination. We study deliberately Fe-contaminated,
Ga- and In-doped silicon wafers of different resistivities by
means of injection-dependent recombination lifetime mea-
surements. The measured data is fitted using Shockley–
Read–HallsSRHd theory, from which energy levels and cap-
ture cross sections are determined. In addition, the effect of
illumination with white light on the iron-acceptor pairs is
studied, showing that FeGa and FeIn pairs can be optically
dissociated, similar to FeB pairs,14 which is of particular im-
portance for solar cell applications. Finally, we calculate the
calibration factors for the determination of the interstitial
iron concentration in Ga- and In-doped silicon by measuring
the lifetimes before and after pair dissociation. This highly
sensitive iron-detection method has been developed and ap-
plied previously to boron-doped silicon only.15,16

II. IRON-ACCEPTOR PAIRS IN SILICON

In crystalline p-type silicon, highly mobile iron atoms
form electrically active pairs with shallow acceptors such as
boron, aluminum, gallium, and indium.17 The configurational
structure of these pairs has mainly been studied by electron
paramagnetic resonancesEPRd, and the energy level andadElectronic mail: j.schmidt@isfh.de
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capture cross sections of electrons and holes by deep-level
transient spectroscopysDLTSd. A comprehensive review of
the properties of iron and iron-acceptor pairs in silicon has
recently been published by Istratovet al.11

The driving force for the formation of iron-acceptor
pairs is the electrostatic attraction between the positively
charged interstitial ironsFei

+d and the negatively charged
substitutional acceptorsAs

−;A=B,Al,Ga, Ind. As interstitial
iron is only in a positive-charge state if the Fermi level is
below the energy level of Fei

0/+ at En+0.38 eV, the pair for-
mation cannot be observed inn-Si partly compensated with
boron.18 First-principles calculations suggest that, apart from
the ionic component, covalency involving the Fei, As, and the
surrounding Si atoms probably also plays an important role
in the bonding of the pairs.19 Theoretical results on reaction
kinetics, deep levels, and pair structures suggest that the size
of the substitutional acceptor atoms is fundamental for the
FeiAs pair energetics.20

As known from EPR studies,11 FeiAs pairs have two
structural configurations with trigonal and orthorhombic
symmetries, each of them existing in negative-, neutral-, and
positive-charge states, resulting in four deep levels for each
FeiAs pair stwo acceptor and two donor statesd. Fei is placed
either at the nearest-neighbor position toAs along thek111l
direction in the pairs with trigonal symmetry or the next-
nearest-neighbor tetrahedral interstitial sites along thek100l
direction in the pairs with orthorhombic symmetry. It has
been shown by means of experiments and theory that FeB,
FeAl, and FeGa pairs are stable in the trigonal configuration
and metastable in the orthorhombic configuration, whereas
FeIn is stable in the orthorhombic configuration and unstable
in the trigonal configuration.21 Kimerling et al.21 explained
the different behavior of FeIn pairs compared to the other
iron-acceptor pairs with the competition between repulsive
elastic and attractive electrostatic energy termssnote that In
is the acceptor with the largest covalent radiusd.

One shallow and one deeper donor level have been mea-
sured for each FeiAs pair, with the deeper level being asso-
ciated with thek111l trigonal pair configuration and the shal-
lower level relates to thek100l orthorhombic configuration.11

It was also found that the levels become deeper with increas-
ing ionization energy of the acceptors and the covalent radius
of the acceptors.22 These experimental results are in agree-
ment with theoretical calculations by Zhaoet al.,23 who ac-
counted for the lattice relaxation due to the different sizes of
the acceptor atoms. The reported energy levels for the differ-
ent FeiAs pairs measured by capacitance spectroscopy are
listed in Table I. As can be seen from Table I, acceptor levels
have only been found for FeB pairs. For FeAl, FeGa, and
FeIn no acceptor levels have been measured so far by capaci-
tance spectroscopy techniques.

There is only limited information available on which of
the existing energy levels of FeiAs pairs are the dominant
recombination centers. Only for the FeB pair have reliable
carrier lifetime measurements shown that the acceptor level
at Ec−s0.26±0.03d eV, related to the stable trigonal-pair
configuration, is the dominant recombination center.24–26

For FeAl and the FeGa it can only be conjectured that
the deep donor levels atEn+s0.20±0.01d and En

+s0.225±0.015d eV,11–13 respectively, both related to the
stable trigonal configuration of these pairs, are the dominant
recombination centers. For FeIn, on the other hand, the shal-
low donor level atEn+0.15 eV is probably the dominant
recombination center,27 as it is associated with the stable
orthorhombic configuration of the pair.

III. EXPERIMENTAL DETAILS

A. Sample preparation

Gallium- and indium-dopeds100d-oriented Czochralski-
grown 6-in.p-type silicon wafers of 300-mm thickness were
chosen in this study. Ga-doped Si wafers of three different
resistivitiess0.3, 3, and 10V cmd and In-doped Si wafers of
14.5-V cm resistivity were used. The interstitial oxygen con-
tent of all Cz-Si wafers used in this study, as determined by
infrared absorption, is in the range of 731017–8
31017 cm−3, whereas the substitutional carbon content is be-
low the detection limit of 531015 cm−3. Reference samples
were fabricated on 1-V cm boron-dopeds100d-oriented
float-zonesFZd silicon wafers.

Prior to ion implantation all wafers were cut in 4.5
34.5-cm2 sized samples and subsequently RCA cleaned.
The implantation area was defined by means of a silicon
aperture allowing an implantation area of 3.233.3 cm2. The
most abundant iron isotope56Fe was selected for implanta-
tion, with a dose of 1011 cm−2, corresponding to an implan-
tation time of,10 s. A low implantation energy of 70 keV
was chosen to minimize lattice damage, which can act as
unwanted gettering sites during the later annealing treatment.

After implantation the samples were again given an
RCA clean to remove possible metal contaminants from the
surfaces. Annealing was then performed at 900 °C for 1 h in
nitrogen atmosphere in a TCA-cleaned quartz-tube furnace
to distribute the iron uniformly throughout the wafers. For a
wafer thickness of 300mm and an implantation dose of

TABLE I. Electrical levels of iron-acceptor pairs in silicon determined using
capacitance spectroscopy. The data are taken from Refs. 11–13. Note that
the uncertainty in the energy levels reflects only the scatter in the experi-
mental data reported by different groups and not possible additional mea-
surement errors.

Defect, symmetry
Donor sdd/
acceptorsad

Energy level
Et

seVd
Stablessd/

metastablesmsd

sFeBd0/+, trigonal d En+0.1 s
sFeBd−/0, trigonal a Ec−s0.26±0.03d s
sFeBd0/+, orthorhombic
stentativelyd

d En+0.07 ms

sFeBd−/0, orthorhombic
stentativelyd

a Ec−0.43 ms

sFeAld0/+, trigonal d En+s0.20±0.01d s
sFeAld0/+, orthorhombic d En+0.13 ms

sFeGad0/+, trigonal d En+s0.225±0.015d s
sFeGad0/+, orthorhombic d En+s0.125±0.025d ms

sFeInd0/+, trigonal d En+0.27 ms
sFeInd0/+, orthorhombic d En+0.15 s
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1011 cm−2, we calculate an interstitial iron concentration of
3.331012 cm−3, which is well below the solubility limit of
,531013 cm−3 of interstitial iron in silicon.11 Hence, we
may assume that in our samples no unwanted formation of
iron precipitates occurs. The interstitial iron concentration
determined from the light-stimulated change in lifetime mea-
sured on the boron-doped reference samples using the cali-
bration factor recently published by Macdonaldet al.16 is
about 5% higher than the Fei concentration calculated from
the implantation dose. This deviation is well within the un-
certainty range of the experiment.

In order to remove any residual surface damage caused
by the ion implantation, approximately 5mm of silicon were
etched off both wafer surfaces in an acid-etching solution.
After another RCA clean both wafer surfaces were passi-
vated by means of plasma-enhanced chemical-vapor-
deposited silicon nitride films. This passivation method has
been shown to provide very low surface recombination ve-
locities ,10 cm/s,28 which was verified on nonimplanted
control wafers of the same type. Hence, surface recombina-
tion can be completely neglected for all iron-implanted
samples investigated in this study. Also, the relatively low
deposition temperature of 400 °C for a few minutes avoids
potential precipitation problems that might occur if higher
temperature processes, such as oxidation, have been applied.

B. Injection-dependent lifetime measurements

The contactless quasi-steady-state photoconductance
sQSSPCd method developed by Sinton and Cuevas29 was
used to measure the injection-dependent lifetime curves at
room temperaturesT=300 Kd. In this method, a coil in a
resonant circuit, operating at 13.56 MHz, couples to the con-
ductivity of the sample. The output voltage of the bridge
circuit is linear in wafer conductance over the entire mea-
surement range. Reference wafers of known dark conduc-
tance are used to calibrate the rf bridge circuit. A conven-
tional photo-flash light source, having a slow decay time of
about 2 ms, generates electron–hole pairs in the silicon
sample. As the light pulse varies very slowly compared to the
effective carrier lifetime of the sample, the latter is approxi-
mately under steady-state conditions during the complete 8
-ms illumination time. The time-dependent light intensity,
measured with a calibrated solar cell, as well as the rf-bridge
output voltage are recorded on a digital oscilloscope and

transferred to a computer for analysis. From the measured
photoconductance and light-intensity data, the effective life-
time of the sample can then be calculated as a function of the
injection density.30 One of the main advantages of the
QSSPC technique over transient decay approaches is that it
allows very low lifetimes to be measured over a broad injec-
tion range without fast electronics or short light pulses.29 As
the detection area equals approximately the coil area of
,3 cm2, the implanted area of the measured silicon samples
completely covers the detection area.

IV. SHOCKLEY–READ–HALL LIFETIME

Provided the defect densityNt is sufficiently small,31 the
recombination lifetime can be modeled by traditional SRH
statistics.32,33For interstitial iron in silicon this prerequisite is
virtually always valid because of its relatively low solubility
in silicon. Assuming negligible trapping and, hence, equal
excess electron and hole concentrationssDn=Dpd, the SRH
lifetime associated with a single-level defect inp-type silicon
with an acceptor concentrationNA is given by34

tSRH=
tn0sNA + p1 + Dnd + tp0sn1 + Dnd

NA + Dn
, s1d

where the electron- and hole-capture time constantstn0 and
tp0 are related to the defect densityNt, the thermal velocity
vth=1.13107 cm s−1 sat T=300 Kd,35 and the electron- and
hole-capture cross sectionssn and sp via tn0=svthNtsnd−1

andtp0=svthNtspd−1. The densitiesn1 andp1 equal the equi-
librium electron and hole densities when the defect energy
level Et coincides with the Fermi level:

n1 = Nc expS−
Ec − Et

kT
D, p1 = Nv expS−

Et − Ev

kT
D . s2d

Values for the effective densities of states in the conduction
and valence band at 300 K are taken asNc=2.86
31019 cm−3 andNn=3.1031019 cm−3.36

As can directly be seen from Eqs.s1d and s2d, under
low-injection conditionssi.e.,Dn!NAd, the SRH lifetime ap-
proaches a constant valuetSRH=tn0 for a deep-level center
for which n1 andp1 in Eq. s1d can be neglected. This is the
case for interstitial iron. For a shallow-level center, such as
iron-acceptor pairs, for which eithern1 or p1 cannot be ne-
glected, the low-injection SRH lifetime depends on the dop-
ing concentration, as shown in Table II. Under high-injection

TABLE II. Energy levels and capture cross sections for iron-related recombination centers in crystalline silicon.
The parameters for Fei and FeB are taken from the literaturesRefs. 11 and 26d, whereas the defect parameters
for FeGa and FeIn have been determined in this study. Also shown are approximations for the SRH lifetimes
under low- and high-injection conditions.

Recombination
center

Energy level
Et seVd

Electron-
capture cross

section
sn scm2d

Hole-
capture cross

section
sp scm2d sn/sp

Low-injection
tSRH

High-injection
tSRH

Fei En+0.38 4310−14 7310−17 571 tn0 tp0

FeB acceptor Ec−0.26 1.4310−14 1.1310−15 13 tp0sn1/NAd+tn0 tp0

FeGa donor En+0.20 4310−14 2310−14 2 tn0s1+p1/NAd tn0+tp0

FeIn donora En+0.15 3.5310−13 1.5310−14 23 tn0s1+p1/NAd tp0

aTentative results.
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conditions si.e., Dn@NA, n1, p1d, the SRH lifetime is the
same for deep- and shallow-level centerstSRH=tn0+tp0.

Note that in this study we only account for SRH recom-
bination and neglect all other recombination processes, such
as Auger and radiative recombinations. It has been shown
before25 that Auger and radiative recombinations can indeed
be neglected in iron-contaminated silicon samples as inves-
tigated in this study if the injection range is restricted to low-
and medium-injection levels.

V. RESULTS AND DISCUSSION

A. FeGa pairs

The two lower curvessopen and closed squaresd in Fig.
1 show injection-dependent lifetime measurements for an Fe-
contaminated 3-V cm Ga-dopedp-Si wafer sFe concentra-
tion 3.331012 cm−3d before and after a 1-min illumination
by halogen lamps at a light intensity of,0.7 W/cm2. The
upper curvescirclesd corresponds to an unimplanted control
wafer of the same type that has been subjected to the same
temperature and cleaning treatments as the Fe-contaminated
samples. The relatively high lifetime of the control wafer
around 700ms indicates that very little, if any, additional
contamination has been introduced into our samples during
the 900 °C anneal. The relatively low Fe concentration of
3.331012 cm−3 reduces the carrier lifetime drastically by
two orders of magnitude to values around 4ms sopen
squaresd. Since these lifetime measurements have been per-
formed after storing the wafers for more than one week in
the dark, it can be assumed that all Fe atoms have formed
pairs with Ga and, hence, the very low lifetimes measured in
the Fe-contaminated Ga-doped Si wafers can be attributed to
FeGa pairs. As mentioned in Sec. II, generally, iron-acceptor
pairs are considered as equilibrium states inp-type silicon
with Fermi level below the energy level of interstitial Fe
si.e., for EF,En+0.38 eVd. This is so because of the strong
electrostatic attraction of the positively charged iron atoms
and the negatively charged acceptor atoms. Compared to
B-dopedp-Si wafers with comparable doping concentration
and Fe contamination, the lifetimes in Ga-dopedp-Si are
much lower. For example, studying 5-V cm B-doped
p-Si wafers with Fe concentrations around 3.531012 cm−3,

Macdonaldet al.25 measured lifetimes around 20ms, which
is a factor of five higher compared to the lifetimes measured
on comparable Ga-doped wafers in this work. This compari-
son clearly indicates that FeGa pairs are much more effective
recombination centers than FeB pairs.

Illumination increases the lifetimes of all Fe-
contaminated Ga-dopedp-Si samples examined in this study.
As can be seen from Fig. 1, the lifetime depends only very
weakly on the excess carrier concentration before illumina-
tion, whereas after light soaking the lifetime shows a pro-
nounced increase with increasing injection density. It will be
shown belowssee Fig. 4d that all our injection-dependent
lifetime curves measured after illumination can be modeled
very accurately using Eq.s1d, in combination with the defect
parameters for Fei reported in the literaturessee Table IId.
Hence, the observed lifetime changes can be interpreted as a
light-stimulated dissociation of FeGa pairs into Fei and Gas.
We assume that the pair-splitting mechanism is the same as
the one known from the light-stimulated FeB dissocia-
tion,14,37 that is, a recombination-enhanced dissociation. As a
consequence, only minority carriers are necessary to trigger
the pair dissociation, while the photons themselves are not
directly involved in the reaction. The observation of a light-
stimulated dissociation of FeGa pairs is particularly relevant
for solar cells made on Ga-doped silicon wafers. As solar
cells operate under strong illumination, FeGa pairs will usu-
ally dissociate, leaving only isolated Fei atoms to influence
the recombination lifetime in the cell base.

It can be seen from Fig. 1 that the two lifetime curves
measured before and after light soaking approach each other
with decreasing injection density. Our measurements suggest
that there is a crossover point of both curves well below an
excess carrier density of 1014 cm−3. Unfortunately, we were
not able to observe this crossover point directly as all our
measurements at low-injection levels were hampered by
minority-carrier trapping effects, resulting in a drastic in-
crease of the photoconductance signal at low-injection lev-
els, which is not related to an increasing recombination
lifetime.38 Such trapping effects can be particularly pro-
nounced in Cz–Si wafers due to the high oxygen content,
which was analyzed in detail recently.39 Hence, in this study
we have deleted all low-injection lifetime data corrupted by
trapping effects.

In order to determine the energy level and the electron-
and hole-capture cross sections of the FeGa recombination
center, we have studied Ga-dopedp-Si wafers of different
doping concentrations. Figure 2 shows the resulting
injection-dependent lifetime curves measured on Fe-
contaminated Ga-dopedp-Si wafers of three different resis-
tivities s0.3, 3, and 10V cmd. As the wafers were stored in
the dark for more than one week, we assume that all Fe
atoms are paired with Ga atoms and, hence,fFeGag=3.3
31012 cm−3.

The pronounced doping-concentration dependence of the
low-injection lifetime in Fig. 2 indicates that the FeGa re-
combination center has a relatively shallow energy level in
the Si band gap. As discussed in Sec. II, there is strong
evidence from the literature for the existence of two electri-
cal levels of FeGa pairs in silicon.11–13 One state occurs be-

FIG. 1. Injection-dependent lifetime measurements for an iron-implanted
3-V cm Ga-dopedp-type Si sample beforesopen squaresd and aftersclosed
squaresd light soaking for 1 min at an intensity of 0.7 W/cm2 using halogen
lamps. Also shown is the measured lifetime of a nonimplanted control
samplesopen circlesd.
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tweenEn+0.21 andEn+0.24 eV and the other one between
En+0.10 andEn+0.15 eV.11–13The two states are donor lev-
els associated with the stable trigonal and the metastable
orthorhombic configurations of the FeGa pair, respectively.
In Sec. IV it was shown that the recombination via shallow-
level centers with the energy level close to the valence-band
edge results in a low-injection SRH lifetimetSRH,li, depend-
ing on the doping concentrationNA as tSRH,li=tn0

+tn0p1/NA. Hence, a linear fit of the measured low-injection
lifetimestSRH,li taken from Fig. 2 as a function of the inverse
doping concentration 1/NA gives tn0 and p1 ssee Fig. 3d.
From the intersection of the linear fit function in Fig. 3 with
the y axis, we obtain for the electron-capture time constant
tn0=s0.7±0.1d ms. Using sn=svthtn0Ntd−1 with the defect
density Nt=3.331012 cm−3, an electron-capture cross sec-
tion of sn=s3.9±0.6d310−14 cm2 is obtained. The slope of
the linear fit in Fig. 3 equals the product oftn0 andp1. As tn0

is known, the slope directly givesp1=131016–2
31016 cm−3. In the determination of the slope, the error is
relatively large as the low-injection lifetimes of the Ga-
doped Si wafers in Fig. 3 are not on a perfect straight line.
However, as according to Eq.s2d the energy levelEt–En of
the recombination center is given bykT lnsp1/Nnd, the rela-
tively large error inp1 results only in a small energy level

uncertainty ofEt=En+s0.20±0.01d eV. This energy level is
in good agreement with the DLTS results of Ciszek and
Wang,12 who determinedEt=En+0.21 eV for the deep donor
level of the FeGa pair. Hence, our results strongly suggest
that the deep donor level dominates the recombination
through FeGa pairs at room temperature. As discussed in
Sec. II, the deep donor level corresponds to the trigonal con-
figuration, which is the stable form of FeGa pairs.11 This is
important to note, as in the determination ofsn we have
assumed that all FeGa pairs are in the same state. The rela-
tively largesn value of,4310−14 cm2 is the reason for the
strong recombination activity of FeGa pairs in silicon. Inter-
estingly, the electron-capture cross sections for FeGa and for
isolated Fei are practically identicalssee Table IId.

The hole-capture cross sectionsp for the FeGa center is
determined by simultaneously fitting the SRH Eq.s1d to the
injection-dependent lifetime curves in Fig. 2. As the energy
level Et and the electron-capture cross sectionsn are known
from the previous analysis of the low-injection lifetime data
and the recombination center densityNt is a fixed parameter,
sp is the only free fit parameter in Eq.s1d. From the fit of the
injection-dependent lifetime curves in Fig. 2ssolid linesd us-
ing the sn and Et values given in Table II, we determine
sp=s2±1d310−14 cm2. As the high-injection SRH lifetime
tSRH,hi equalstn0+tp0, the lifetimes in Fig. 2 are only mod-
erately sensitive to variations insp within the low- to
medium-injection range of our lifetime measurements.
Hence, the uncertainty range is larger forsp than for sn.
There are only a few studies in the literature reporting hole-
capture cross sections for the deep donor level of FeGa in
silicon, and the scatter in thesp data is around one order of
magnitude.11 The sp determined in this work is in excellent
agreement with the DLTS results of Wünstel and Wagner40

and Beljakowaet al.,13 who measured asp value of 2
310−14 cm2.

Figure 4 shows the injection-dependent lifetime mea-
surements of the same samples as shown in Fig. 2 after illu-
mination with white light for 1 min at 0.7 W/cm2. The mea-
sured curves can be accurately modeled, assuming two
recombination centers to be present. One center is interstitial

FIG. 2. Injection-dependent lifetime measurementsssymbolsd and SRH fits
ssolid linesd for iron-contaminated Ga-doped Si samples of three different
resistivities s0.3, 3, and 10V cmd. The total iron concentration of all
samples is 3.331012 cm−3. As the samples were stored in the dark for more
than one week prior to the measurements, all interstitial iron atoms are
paired with gallium.

FIG. 3. Measured low-injection lifetimestSRH,li scirclesd obtained from Fig.
2 as a function of the inverse doping concentration 1/NA and linear fitslined
for FeGa pairs inp-type Si.

FIG. 4. Injection-dependent lifetime measurementsssymbolsd and SRH fits
ssolid linesd for iron-contaminated Ga-doped Si samples of three different
resistivitiess0.3, 3, and 10V cmd after light soaking. The total iron concen-
tration of 3.331012 cm−3 is the same for all three samples. Different con-
centrations of Fei and FeGa pairs were used to generate the fitssgiven in
percent of the total iron concentrationd.
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iron with the defect parameters taken from the literature and
the second center is the deep donor level of the iron-gallium
pair analyzed in this worksall defect parameters used in the
modeling are given in Table IId. The SRH lifetime of each
center is calculated using Eq.s1d, and the inverse SRH life-
times are added to obtain the inverse total lifetime. As the
total iron concentration is known from the implantation dose
and the wafer thickness si.e., fFeig+fFeGag=3.3
31012 cm−3d, the only free parameter in the fitted curves,
shown as solid lines in Fig. 4, is the ratio of Fei to FeGa
concentrations. Note that we have assumed again that all
FeGa pairs are in the stable trigonal state only. The dashed
line in Fig. 4 shows the Fei-related contribution to the total
lifetime and the dash-dotted line the SRH lifetime of the
FeGa center, both for the 10-V cm sample. For the 10- and
the 3-V cm Ga-doped Si wafers, the fits clearly prove that
practically all FeGa pairs, that is, more that 95%, have been
dissociated during the 1-min illumination. In the case of the
low-resistivity 0.3-V cm Si wafer, however, 55% of Fei and
45% of FeGa pairs are present. We attribute this lower Fei

concentration to the very fast association of FeGa pairs in the
highly doped material. Hence, during the time interval be-
tween the light soaking and the lifetime measurement
s,1 mind, a large number of FeGa pairs may reform. As for
the FeB pair, the association time constanttas can, assuming
Coulombic attraction between the pairing species onlysin
our case Fei

+ and Gas
−d, be expressed as37

tas=
««0kT

q2NADsFeid
, s3d

whereDsFeid is the iron diffusivity in silicon,« is the dielec-
tric constant of silicon, and«0 is the vacuum permittivity. In
order to estimate the order of magnitude oftas for the three
samples in Fig. 4, we use Eq.s3d with a room-temperature
iron diffusivity of DsFeid=10−14 cm2/s.41 The association
time constants calculated for the 10- and the 3-V cm Si wa-
fers are 207 and 60 min, respectively, while that of the 0.3-
V cm sample is only 5 min. This is in good agreement with
the partial repairing observed for the 0.3-V cm wafer, taking
place in the interval between the 1-min illumination and the
lifetime measurement. Note that the scatter in the iron diffu-
sivities reported in the literature is very large11 and, hence,
the determined association time constants can only be re-
garded as rough estimates.

B. FeIn pairs

Figure 5 shows the injection-dependent lifetime mea-
surements for an Fe-contaminated 14.5-V cm In-dopedp-Si
wafer before and after light soaking. The circles show the
lifetime of a control wafer of the same type, which, apart
from the ion implantation, was given exactly the same treat-
ment as the Fe-contaminated Si wafer. The high lifetime
s,750 msd of the control wafer indicates that no additional
contamination was introduced during processing. The life-
time measurement before light soaking was performed after
storing the wafer for more than one week in the dark. Hence,
it can be assumed that all mobile interstitial Fei atoms have
formed pairs with immobile substitutional Ins and the very

low lifetimes s,7 msd measured in the “not soaked” state
can be attributed to FeIn pairs. These measurements clearly
indicate that FeIn is a very effective recombination center, as
is FeGa. Unfortunately, we are not able to determine the
exact energy level of the FeIn-related recombination center,
because In-dopedp-Si wafers of only one resistivity were
available in this study. However, the measured injection-
dependent lifetime curve in the not-soaked state in Fig. 5 can
only be fitted by Eq.s1d if the energy level is closer than
,0.26 eV to one of the band edges. In the literature, two
FeIn-related donor levels atEn+0.15 andEn+0.27 eV have
been obtained using DLTS.27 However, in contrast to FeGa
pairs, for FeIn the shallow donor level, assigned to the ortho-
rhombic configuration, was identified as the stable state,
whereas the metastable trigonal configuration corresponds to
the deep donor state. In order to estimate the capture cross
sections for the FeIn pair, we assume that all FeIn pairs are in
the stable configuration and the energy level isEt=En

+0.15 eV, as reported by Chantre and Kimerling.27 Fitting
Eq. s1d to the measured lifetime data in Fig. 5sopen squaresd
results in a very largesn value of 3.5310−13 cm2 and asp

of 1.5310−14 cm2. In spite of the fact that the energy level of
En+0.15 eV is very shallow, due to the very large electron-
capture cross section, FeIn is a highly effective recombina-
tion center. Note that our results exclude the energy levels at
Ec−0.32 andEc−0.39 eV detected by Fourier transform in-
frared spectroscopy, which have tentatively been associated
with FeIn acceptor states.42 However, our experimental data
cannot definitely rule out the possibility that the deep donor
level atEn+0.27 eV might be the dominant FeIn-related re-
combination center.

After illuminating the Fe-contaminated In-doped Si wa-
fer for 1 min at 0.7 W/cm2, the lifetime in Fig. 5 shows a
pronounced increase. The measured injection-dependent life-
time curve after light soakingsclosed squares in Fig. 5d can
be accurately fitted by assuming that all FeIn pairs have been
dissociated during illumination and that isolated Fei alone
determines the recombination lifetime. We conclude that
FeIn pairs show a light-stimulated dissociation into Fei and
Ins equivalent to that observed for FeGa and FeB pairs. Our
results therefore indicate that light-stimulated dissociation is
a common property of all iron-acceptor pairs.

FIG. 5. Injection-dependent lifetime measurements for an iron-implanted
14.5-V cm In-doped Si sample beforesopen squaresd and after sclosed
squaresd light soaking and SRH fitsssolid linesd. Also shown is the mea-
sured lifetime of a nonimplanted control samplesopen circlesd.
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C. Comparison of different iron-acceptor pairs

In order to directly compare the recombination activity
of different iron-acceptor pairs inp-type silicon, we have
calculated the injection-dependent SRH lifetimes for a fixed
defect concentration ofNt=1012 cm−3 using Eq.s1d. The de-
fect parameters for Fei and FeB were taken from the
literature,11,26 whereas the parameters for FeGa and FeIn
have been determined in this study. All defect parameters
used in the calculations are compiled in Table II. Figure 6
shows the calculated SRH lifetimes associated with each
type of recombination center in high-resistivitys5 V cmd and
low-resistivity s0.5 V cmd p-type silicon. As can clearly be
seen from Fig. 6, independent of doping concentration and
injection level, FeGa and FeIn pairs are much more effective
recombination centers than FeB pairs. The comparison of
FeGa and FeIn is more difficult because the uncertainty in
the defect parameters determined for FeIn is relatively large
due to the fact that we have only studied In-doped Si of one
specific relatively high resistivity, showing similar recombi-
nation lifetimes as the corresponding Ga-doped material.
Hence, FeGa and FeIn pairs show a comparable recombina-
tion activity in high-resistivityp-type siliconfsee Fig. 6sadg.
In low-resistivity silicon, Fig. 6sbd indicates that FeIn shows
a stronger recombination activity than FeGa. However, it
should be kept in mind that we have assumed here that all
FeIn pairs are in the shallow-donor state atEn+0.15 eV.27

The situation would be reversed if we assumed that the deep-
donor state atEn+0.27 eV determines the recombination
lifetime of FeIn in Si.27 However, this is relatively unlikely
as the deep-donor state is known to be metastable, while the
shallow-donor state corresponds to the stable FeIn configu-

ration. Therefore, we conclude that it is likely that FeIn is the
most effective recombination center of the three iron-
acceptor pairs studied.

After the complete dissociation of the iron-acceptor
pairs, the recombination lifetime is determined only by inter-
stitial iron ssolid lines in Fig. 6d, for which the defect param-
eters are relatively well known from the literaturessee Table
II d. From dissociation experiments of FeB pairs inp-Si, it is
known that there exists a particular excess carrier density
DnCOP at which the lifetime remains unchanged after
dissociation.16,43 This crossover point of the injection-
dependent lifetime curves associated with FeB and Fei, re-
spectively,ssolid and short-dashed lines in Fig. 6d has re-
cently been shown to increase linearly with doping
concentration.26 It was also found thatDnCOP.1014 cm−3,
and therefore iron-contaminated boron-doped silicon solar
cells always degrade in efficiency after the dissociation of
FeB pairs, because typical solar cells operate at excess car-
rier concentrations less than 1014 cm−3.44 Interestingly, as un-
der open-circuit conditions the excess carrier density can,
depending on the type of solar cell and the degree of its
contamination, be well above the crossover point, the open-
circuit voltage of a solar cell may also increase in certain
cases.44 Birkholz et al.26 have recently derived an analytical
expression for the crossover point, which can also be applied
to the dissociation of FeGa and FeIn pairs. This expression
can be written in a simplified form for recombination centers
with the energy level close to the valence-band edge and for
doping concentrationsNA.1014 cm−3 as

DnCOP=
sn

−1sFeAd − sn
−1sFeid

sp
−1sFeid

NA +
spsFeid
snsFeAd

Nv

3expS−
EtsFeAd − Ev

kT
D , s4d

where A stands for the acceptor atoms Ga and In. In the
derivation we have also used the fact thatspsFeid is several
orders of magnitude smaller than all the other capture cross
sections involved. As within the measurement uncertainty
the electron-capture cross sections for Fei and FeGa are
equal fi.e., snsFeGad=snsFeidg, according to Eq.s4d the
crossover point does not depend on the doping concentration.
Using Eq.s4d and the defect parameters from Table II, we
calculate DnCOP=2.531013 cm−3 for Ga-doped p-Si, in
agreement with Fig. 6. This crossover point is well below the
DnCOPof the FeB dissociation. The typical operating point of
one-sun silicon solar cells is very close to the FeGa crossover
point. Hence, we expect no or a very small change in effi-
ciency of Fe-contaminated Ga-doped Si solar cells after the
dissociation of FeGa pairs. For FeIn pairs the situation is
very different. Because of the large electron-capture cross
section for FeInssee Table IId, which is one order of magni-
tude larger than the electron-capture cross section for Fei

fi.e., snsFeInd@snsFeidg, the first term in Eq.s4d becomes
negative. Hence,DnCOP decreases with increasing doping
concentration and even becomes negative for doping concen-
trationsNA.1.331016 cm−3, which means that there would
exist no crossover point in low-resistivity In-dopedp-Si, as
shown in Fig. 6sbd.

FIG. 6. Injection-dependent SRH lifetime curves for Fei, FeB, FeGa, and
FeIn in sad 5-V cm and sbd 0.5-V cm p-type Si calculated forT=300 K
using the defect parameters given in Table II. The density of centers has
been taken asNt=1012 cm−3.
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D. Determination of iron concentration

The most sensitive technique to measure the Fei concen-
tration in B-dopedp-type Si was proposed by Zoth and
Bergholz.15 It is based on measuring the lifetimessor diffu-
sion lengthsd before st0d and afterst1d dissociation of FeB
pairs. Assuming that all other recombination processes re-
main unchanged, the iron concentration can be determined
by

fFeig = CsDn,NAdS 1

t1
−

1

t0
D , s5d

where the calibration factorC is a function of the injection
densityDn and the doping concentrationNA and can be eas-
ily calculated using Eq.s1d.16 Using the defect parameters
determined in this study for FeGa and FeIn, the same method
can now also be applied to Ga- and In-dopedp-type silicon.
We have calculated the calibration factorCsDn,NAd for all
three iron-acceptor pairs considered in this study using the
SRH equation and the defect parameters listed in Table II.
The results are shown in Fig. 7. Negative values ofC are
obtained for injection densities above the crossover point,
meaning that the lifetime increases after dissociation. This
case is most relevant for the determination of Fe concentra-
tions by means of lifetime measurements as lifetime tech-

niques usually operate under medium- to high-injection con-
ditions. Alternatively, the diffusion length can be measured
to determine the Fe content. Diffusion length measurement
techniques, such as surface photovoltage, frequently operate
at injection densities well below the crossover point. In this
injection range,C is usually positive and approaches a con-
stant value for very low injection densitiesssee Fig. 7d. As
discussed above, the uncertainty is the largest for In-doped
silicon shown in Fig. 7scd, whereas the curves shown in Figs.
7sad and 7sbd are based on very reliable data.

VI. CONCLUSIONS

Recombination parameters for FeGa and FeIn pairs in
silicon have been determined by fitting the SRH equation to
injection-dependent carrier lifetime measurements performed
on Ga- and In-dopedp-type silicon wafers deliberately con-
taminated with iron. By using Ga-doped silicon wafers of
different doping concentrations and low-injection lifetime
data, it was possible to determine the energy level of the
FeGa-related recombination center very accurately to beEt

=En+s0.20±0.01d eV at room temperature, which is in good
agreement with the literature data of the deep-donor state
related to the stable trigonal configuration of FeGa in silicon.
The relatively large electron-capture cross sectionsn of 4
310−14 cm2 also determined from the low-injection lifetime
data has been found to be the reason for the very strong
recombination activity of FeGa pairs in silicon. A hole-
capture cross sectionsp of 2310−14 cm2 has been obtained
from the SRH fits to the complete injection-dependent life-
time curves. For the FeIn recombination center, the exact
energy level could not be determined as In-doped silicon of
only one resistivity was available in this study. However, the
SRH fit to the measured injection-dependent lifetime data
shows that the energy level is closer than 0.26 eV to one of
the band edges. In the case of FeIn, the shallow donor level
at Et=En+0.15 eV related to the orthorhomic configuration
is known to be the stable state. Using this energy level, we
obtain from the best fits to our injection-dependent lifetime
data sn=3.5310−13 cm2 and sp=1.5310−14 cm2. Despite
the relatively shallow energy level, its very large electron-
capture cross section makes FeIn extremely recombination
active. A direct comparison of the recombination activity of
FeB, FeGa, and FeIn pairs inp-type silicon has shown that
FeGa and FeIn pairs are much more effective recombination
centers compared to FeB pairs.

Under illumination with white light, FeGa and FeIn were
found to dissociate into interstitial iron and the correspond-
ing substitutional acceptor. Storing the samples in the dark
was found to lead to a full re-pairing of FeGa and FeIn pairs.
We conclude that FeGa and FeIn pairs show a
recombination-enhanced dissociation equivalent to that ob-
served for FeB pairs, indicating that light-stimulated disso-
ciation is a common property of all iron-acceptor pairs in
silicon. Lifetime or diffusion length measurements per-
formed before and after illumination can, hence, be used to
determine the iron concentration in Ga- and In-doped silicon
with a very high sensitivity.

FIG. 7. Inverse calibration factor 1/C as a function of excess carrier density
Dn and doping concentrationNA calculated forT=300 K for p-type silicon
doped withsad boron,sbd gallium, andscd indium.
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