HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS®7, 113712(2005

Recombination activity of iron-gallium and iron-indium pairs in silicon
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The recombination activity of iron-galliurfiFeGa and iron-indium(Feln) 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 resistivitie®.3—15( cm). Compared to FeB pairs,
FeGa and Feln pairs are found to be much more effective recombination cenpetgpia silicon.

Using Shockley—Read—Hall statistics we determine the energyigwedlthe FeGa-related center to

be 0.20 eV above the valence-band eligeThe strong recombination activity of FeGa is assigned

to its large electron-capture cross sectignof 4 x 10714 cnm?. The hole-capture cross sectiop is

2X 10 cm?. For the Feln-related recombination center, our measurements Shovi,thBj

+0.15 eV, 0,=3.5X 1073 cn?, and 0,,=1.5X 107'* cn?. 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 Feln 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 parameter80@ American Institute of Physics

[DOI: 10.1063/1.1929096

. INTRODUCTION important contaminants in silica¥:** Furthermore, there is a
o . .. severe lack of information concerning the recombination
. Boron-dopedp-type silicon IS the standard material in trength of FeGa and Feln in Si. Up to now, there have only
microelectronics and photovoltaics. However, a fundament een two studies on the recombination activity of FeGa pairs

pr?rl? Ielr_n r(]th_szrved dm sc:(lar cells mdade 0(? tth's type of Taée“.t Si***3poth indicating a very strong recombination activ-
!j] ? '9 :['.n uc? bper orm?r][cz ggfra ta |o|n assoglalta IRy of FeGa pairs. No study has been published so far on the
€ tormation of boron-relaled detects. In particular inyeqqmpination activity of Feln pairs in Si.

oxygen-rich Czochralski-growqC2) silicon, a pronounced This paper aims at gaining a more detailed knowledge of

degradation in the solar cell efficiency can be ObSE3'1\’9d'the recombination parameters of FeGa and Feln pairs in sili-

\rl]v.h'rflh could br_ecef[_ntly b? attbrlbuted to the forn}zig(;n of 4con to judge the susceptibility of Ga- and In-doped silicon to
Ighly recombination-activeé boron-oxygen COmpIeXSev- o contamination. We study deliberately Fe-contaminated,

eral strategies have been developed in recent years to redUé%_ and In-doped silicon wafers of different resistivities by

this degradatichand one of the most successful methods 0 eans of injection-dependent recombination lifetime mea-

completely avoid the e.ffect turned out to be the rep_laceme urements. The measured data is fitted using Shockley—
of boron by alternative dopants, such as gallium an

indi ; e ead—Hall([SRH) theory, from which energy levels and cap-
indium?°"8The fact that the segregation coefficients of Ga (SRH) y whi gy lev p

. . R ture cross sections are determined. In addition, the effect of
and In in Si are well below that of B in Si causes a much.

e o : illumination with white light on the iron-acceptor pairs is
stronger resistivity variation over the crystal height com-

d 1o B-dooed Si tals. H L th (G studied, showing that FeGa and Feln pairs can be optically
g‘;‘rpi q (C):z -SiOIzr?e V;r?gz: ;Sn reos\zvs?i\\// ?t;/ Ir?as ebé:::e dgmof"aissociated, similar to FeB pait$which is of particular im-

o o X - portance for solar cell applications. Finally, we calculate the
strated to be tolerable for the fabrication of hlgh—eff|C|encyp bp Y

| 1< In fact ¢ its of diff ¢ h calibration factors for the determination of the interstitial
soar cells. In fact, recent results of gitierent groups Nave; ,, -oncentration in Ga- and In-doped silicon by measuring

indicated that Ga-doped Cz-Si is excellently suited as a baﬁ‘ﬁe lifetimes before and after pair dissociation. This highly

?ﬁtenal for :he procfift_Jc_Uo? cf>f| h!ghs—gff|0|entc):ybfoltar féllsf sensitive iron-detection method has been developed and ap-
€ segregation coetlicient of In In S1S probably 100 IOW 10 0y hreviously to boron-doped silicon orfy®
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 inll- IRON-ACCEPTOR PAIRS IN SILICON

dustry as dopants in silicon up to now, there are only very | crystalline p-type silicon, highly mobile iron atoms
few studies on the interaction of these shallow acceptors witorm electrically active pairs with shallow acceptors such as
other impurities, in particular iron, which is one of the most horon. aluminum, gallium, and indium The configurational
structure of these pairs has mainly been studied by electron
¥Electronic mail: j.schmidt@isfh.de paramagnetic resonand&PR), and the energy level and

0021-8979/2005/97(11)/113712/9/$22.50 97, 113712-1 © 2005 American Institute of Physics

Downloaded 24 Mar 2010 to 150.203.243.38. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1929096

113712-2 J. Schmidt and D. Macdonald J. Appl. Phys. 97, 113712 (2005)

capture cross sections of electrons and holes by deep-levéRBLE I. Electrical levels of iron-acceptor pairs in silicon determined using

transient spectroscopQDLTS) A Comprehensive review of capacitance spectroscopy. The data are taken from Refs. 11-13. Note that

th i fi di t L ili h the uncertainty in the energy levels reflects only the scatter in the experi-
€ properues o 'rP” and Iron-accep ﬁr pairs in sticon Nasy,q . gata reported by different groups and not possible additional mea-
recently been published by Istratet al.

surement errors.
The driving force for the formation of iron-acceptor

pairs is the electrostatic attraction between the positively Energy level

charged interstitial iron(F&) and the negatively charged Donor (d)/ E Stable(s)/
substitutional acceptofA;;A=B,Al,Ga,In). As interstitial Defect, symmetry acceptor(@ V) metastabldms)
iron is only in a positive-charge state if the Fermi level is (FeB)®*, trigonal d E,+0.1

below the energy level of B€ at E,+0.38 eV, the pair for- (FeB)™, trigonal a E.-(0.26+0.03 S
mation cannot be observed mSi partly compensated with (FeB®*, orthorhombic d E,+0.07 ms

boron® First-principles calculations suggest that, apart from(tentatively _
(FeB)™°, orthorhombic a E.-0.43 ms

the ionic component, covalency involving the F&, and the (tentatively
surrounding Si atoms probably also plays an important role

in the bonding of the pair§. Theoretical results on reaction (FeAl)°", trigonal d E,+(0.20+0.03 S
kinetics, deep levels, and pair structures suggest that the siZeeA)®", orthorhombic d E,+0.13 ms
of the substitutional 0acceptor atoms is fundamental for therega0+ yigonal d E,+(0.225+0.015 s
FegA; pair energetlcg. (FeGa®*, orthorhombic d E,+(0.125+0.025 ms

As known from EPR studie¥, FeAs pairs have two
structural configurations with trigonal and orthorhombic(':e'”)gf' trigonal d E,+0.27 ms
symmetries, each of them existing in negative-, neutral-, and """+ orthorhombic d E+015 N
positive-charge states, resulting in four deep levels for each

FeA, pair (two acceptor and two donor stateEe is placed 11-13 .
. o " +(0.225+0.015 eV, respectively, both related to the
either at the nearest-neighbor positionApalong the(11b stable trigonal configuration of these pairs, are the dominant

direction in the pairs with trigonal symmetry or the next- L2

. ; o . recombination centers. For Feln, on the other hand, the shal-
nearest-neighbor tetrahedral interstitial sites along(10€) ! T

g o low donor level atE, +0.15 eV is probably the dominant

direction in the pairs with orthorhombic symmetry. It has L o . .
: ecombination center, as it is associated with the stable
been shown by means of experiments and theory that FeB, ) . . ;
orthorhombic configuration of the pair.

FeAl, and FeGa pairs are stable in the trigonal configuration
and metastable in the orthorhombic configuration, whereas
Feln is stable in the orthorhombic configuration and unstablg)|. EXPERIMENTAL DETAILS
in the trigonal configuratiof® Kimerling et al?* explained .
the different behavior of Feln pairs compared to the otherA' Sample preparation
iron-acceptor pairs with the competition between repulsive  Gallium- and indium-doped100)-oriented Czochralski-
elastic and attractive electrostatic energy tefmste that In - grown 6-in.p-type silicon wafers of 30Q:m thickness were
is the acceptor with the largest covalent raglius chosen in this study. Ga-doped Si wafers of three different
One shallow and one deeper donor level have been meaesistivities(0.3, 3, and 1d) cm) and In-doped Si wafers of
sured for each KA pair, with the deeper level being asso- 14.5{) cm resistivity were used. The interstitial oxygen con-
ciated with the(111) trigonal pair configuration and the shal- tent of all Cz-Si wafers used in this study, as determined by
lower level relates to th€l00) orthorhombic configuratioﬁL. infrared absorption, is in the range of X710'"-8
It was also found that the levels become deeper with increas< 10" cm 3, whereas the substitutional carbon content is be-
ing ionization energy of the acceptors and the covalent radiulw the detection limit of 5< 10'° cm™3. Reference samples
of the acceptoré? These experimental results are in agree-were fabricated on 12 cm boron-doped(100-oriented
ment with theoretical calculations by Zhat al.>® who ac-  float-zone(FZ2) silicon wafers.
counted for the lattice relaxation due to the different sizes of ~ Prior to ion implantation all wafers were cut in 4.5
the acceptor atoms. The reported energy levels for the differx 4.5-cn? sized samples and subsequently RCA cleaned.
ent FeA; pairs measured by capacitance spectroscopy ar€he implantation area was defined by means of a silicon
listed in Table I. As can be seen from Table |, acceptor levelsiperture allowing an implantation area of 3.3.3 cnf. The
have only been found for FeB pairs. For FeAl, FeGa, andnost abundant iron isotop&Fe was selected for implanta-
Feln no acceptor levels have been measured so far by capatien, with a dose of 18 cmi™?, corresponding to an implan-
tance spectroscopy techniques. tation time of~10 s. A low implantation energy of 70 keV
There is only limited information available on which of was chosen to minimize lattice damage, which can act as
the existing energy levels of g pairs are the dominant unwanted gettering sites during the later annealing treatment.
recombination centers. Only for the FeB pair have reliable  After implantation the samples were again given an
carrier lifetime measurements shown that the acceptor levéRCA clean to remove possible metal contaminants from the
at E.—(0.26+£0.03 eV, related to the stable trigonal-pair surfaces. Annealing was then performed at 900 °C for 1 h in
configuration, is the dominant recombination cehter® nitrogen atmosphere in a TCA-cleaned quartz-tube furnace
For FeAl and the FeGa it can only be conjectured thato distribute the iron uniformly throughout the wafers. For a
the deep donor levels atE,+(0.20+£0.0) and E, wafer thickness of 30@m and an implantation dose of
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TABLE II. Energy levels and capture cross sections for iron-related recombination centers in crystalline silicon.
The parameters for Fand FeB are taken from the literatuiRefs. 11 and 26 whereas the defect parameters

for FeGa and Feln have been determined in this study. Also shown are approximations for the SRH lifetimes
under low- and high-injection conditions.

Electron- Hole-
capture cross capture cross
Recombination Energy level section section Low-injection  High-injection
center E (eV) o, (cmP) o, (cm?) onl oy TSRH TSRH
Fe E,+0.38 4x 10714 7x 10 571 o Too
FeB acceptor  E.—0.26 1.4<10°1 1.1x1071° 13 7yo(N/Np) + 79 o0
FeGa donor E,+0.20 4x 107 2x1014 2 To(L+P1/Np) oot Tho
Feln donof E,+0.15 35<1013  15x10M 23 Too(1+P1/Np) o

“Tentative results.

10 cm?, we calculate an interstitial iron concentration of transferred to a computer for analysis. From the measured
3.3x 10 cm3, which is well below the solubility limit of photoconductance and light-intensity data, the effective life-
~5x 10 cm™3 of interstitial iron in silicon** Hence, we time of the sample can then be calculated as a function of the
may assume that in our samples no unwanted formation dhjection densit);'.0 One of the main advantages of the
iron precipitates occurs. The interstitial iron concentrationQSSPC technique over transient decay approaches is that it
determined from the light-stimulated change in lifetime mea-allows very low lifetimes to be measured over a broad injec-
sured on the boron-doped reference samples using the cation range without fast electronics or short light pul%%As
bration factor recently published by Macdonadtl al’is  the detection area equals approximately the coil area of
about 5% higher than the Feoncentration calculated from ~3 cn¥, the implanted area of the measured silicon samples
the implantation dose. This deviation is well within the un- completely covers the detection area.
certainty range of the experiment.

In order to remove any residual surface damage causey. SHOCKLEY—-READ-HALL LIFETIME
by the ion implantation, approximatel of silicon were . - - 1
e%/ched off b(?th wafer surr)fgces in ar?lg;d-etching solution, Provided the defect density is sufficiently smalf’ the

.recombination lifetime can be modeled by traditional SRH
After another RCA clean both wafer surfaces were passi-. .. .." 32,33, T ; L
. statistics?* " For interstitial iron in silicon this prerequisite is

vated by means of plasma-enhanced chemical-vapor-. . . . .
: . G : L virtually always valid because of its relatively low solubility
deposited silicon nitride films. This passivation method has_ _.. . - .
in silicon. Assuming negligible trapping and, hence, equal

be‘??‘ shown to przoswde. very low su-r.face recomplnatlon V€ excess electron and hole concentratiohea=Ap), the SRH
locities <10 cm/s;” which was verified on nonimplanted

- lifetim iated with a single-level defectp ilicon
control wafers of the same type. Hence, surface recomblna—.e e associated asingle-level defecgiitype silico

. . . 4
tion can be completely neglected for all iron-implantedWlth an acceptor concentratidy is given by
samples investigated in this study. Also, the relatively low _ Tno(Na+ p1+ An) + 75(ng + An)
deposition temperature of 400 °C for a few minutes avoids ~ "SRH™ Na+ An

potential precipitation problems that might occur if higher

temperature processes, such as oxidation, have been appli¥¢1€re the electron- and hole-capture time constag{and
T are related to the defect denshy, the thermal velocity

o o v;p=1.1x 10" cm s (at T=300 K),*® and the electron- and
B. Injection-dependent lifetime measurements hole-capture cross sections, and o, via 0= (N L

The contactless quasi-steady-state photoconductan@d 7p0=(v:Nio,) ™. The densities,; andp, equal the equi-
(QSSPQ method developed by Sinton and cuévawas librium electron and hole densities when the defect energy
used to measure the injection-dependent lifetime curves agvel E; coincides with the Fermi level:
room temperatur¢ T=300 K). In this method, a coil in a E.-E E.-E,
resonant circuit, operating at 13.56 MHz, couples to the con- N1 =N exp(— ?> P1=N, exp(— KT ) (2)
ductivity of the sample. The output voltage of the bridge
circuit is linear in wafer conductance over the entire mea-Values for the effective densities of states in the conduction
surement range. Reference wafers of known dark condu@nd valence band at 300 K are taken &=2.86
tance are used to calibrate the rf bridge circuit. A conven-x 10" cm3 andN,=3.10x 10 cm™33°
tional photo-flash light source, having a slow decay time of  As can directly be seen from Egél) and (2), under
about 2 ms, generates electron—hole pairs in the silicofow-injection conditiondi.e.,An<N,), the SRH lifetime ap-
sample. As the light pulse varies very slowly compared to thgoroaches a constant valuegy=7,9 for a deep-level center
effective carrier lifetime of the sample, the latter is approxi-for which n; andp; in Eq. (1) can be neglected. This is the
mately under steady-state conditions during the complete 8ase for interstitial iron. For a shallow-level center, such as
-ms illumination time. The time-dependent light intensity, iron-acceptor pairs, for which either; or p; cannot be ne-
measured with a calibrated solar cell, as well as the rf-bridgglected, the low-injection SRH lifetime depends on the dop-
output voltage are recorded on a digital oscilloscope andhg concentration, as shown in Table Il. Under high-injection

, (1)
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1000 __3_;)c'n;'¢';';,°,;e;. cz8i _= Macdonaldet al.25 measured lifetimes arou_nd_ 265, which
. 3 @@%@M%% E is a factor of five higher compared to the lifetimes measured
g control oo on comparable Ga-doped wafers in this work. This compari-
o 100 L . J son clearly indicates that FeGa pairs are much more effective
e E light-scaked . . K
3 E : recombination centers than FeB pairs.
5 [ F_e;.- ] lllumination increases the lifetimes of all Fe-
§ 10F '?""..- 4 contaminated Ga-dopg®Si samples examined in this study.
F g S02ked 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 below(see Fig. 4 that all our injection-dependent
FIG. 1. Injection-dependent lifetime measurements for an iron-implantedifetime curves measured after illumination can be modeled
3-Q) cm Ga-dopedp-type Si sample beforpen squargsand after(closed  very accurately using Eql), in combination with the defect
isquare)sllght soaking _forl min at an intensity of 0.7 W/érpsmg halogen parameters for Feeported in the literaturésee Table .
amps. Also shown is the measured lifetime of a nonimplanted control e }
sample(open circles Hence, the observed lifetime changes can be interpreted as a
light-stimulated dissociation of FeGa pairs intq Bad Ga.
We assume that the pair-splitting mechanism is the same as
same for deep- and shallow-level centegg,= 7o+ 7oo. the 1?125 kn(_)wn from the I.ight-stimulated _FeB. d.issocia-
Note that in this study we only account for SRH recom-tion,™ that is, a recombination-enhanced dissociation. As a

bination and neglect all other recombination processes, suciPnseduence, only minority carriers are necessary to trigger
as Auger and radiative recombinations. It has been showli{!€ Pair dissociation, while the photons themselves are not
beforé® that Auger and radiative recombinations can indeeddirectly involved in the reaction. The observation of a light-

be neglected in iron-contaminated silicon samples as investimulated dissociation of FeGa pairs_ i_s particularly relevant
tigated in this study if the injection range is restricted to low-for solar cells made on Ga-doped silicon wafers. As solar

1 s rainl VA AR ] 1 T EETTY
1013 1014 1015 1016
Excess carrier density An (cm3)

conditions (i.e., An>N,, ny, py), the SRH lifetime is the

and medium-injection levels. cells operate under strong illumination, FeGa pairs will usu-
ally dissociate, leaving only isolated ;F&toms to influence
V. RESULTS AND DISCUSSION 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

The two lower curvegopen and closed squajen Fig.  with decreasing injection density. Our measurements suggest
1 show injection-dependent lifetime measurements for an Fethat there is a crossover point of both curves well below an
contaminated 32 cm Ga-dopedp-Si wafer (Fe concentra- excess carrier density of ¥0cm 3. Unfortunately, we were
tion 3.3x 10" cm3) before and after a 1-min illumination not able to observe this crossover point directly as all our
by halogen lamps at a light intensity 6f0.7 W/cnf. The  measurements at low-injection levels were hampered by
upper curve(circles corresponds to an unimplanted control minority-carrier trapping effects, resulting in a drastic in-
wafer of the same type that has been subjected to the sanceease of the photoconductance signal at low-injection lev-
temperature and cleaning treatments as the Fe-contaminatets, which is not related to an increasing recombination
samples. The relatively high lifetime of the control wafer lifetime.3® Such trapping effects can be particularly pro-
around 700us indicates that very little, if any, additional nounced in Cz-Si wafers due to the high oxygen content,
contamination has been introduced into our samples duringzhich was analyzed in detail recenfﬂ/Hence, in this study
the 900 °C anneal. The relatively low Fe concentration ofwe have deleted all low-injection lifetime data corrupted by
3.3x10% cm™ reduces the carrier lifetime drastically by trapping effects.
two orders of magnitude to values aroundud (open In order to determine the energy level and the electron-
squares Since these lifetime measurements have been peand hole-capture cross sections of the FeGa recombination
formed after storing the wafers for more than one week incenter, we have studied Ga-doppesi wafers of different
the dark, it can be assumed that all Fe atoms have formedioping concentrations. Figure 2 shows the resulting
pairs with Ga and, hence, the very low lifetimes measured innjection-dependent lifetime curves measured on Fe-
the Fe-contaminated Ga-doped Si wafers can be attributed mntaminated Ga-dopgutSi wafers of three different resis-
FeGa pairs. As mentioned in Sec. Il, generally, iron-acceptotivities (0.3, 3, and 1@ cm). As the wafers were stored in
pairs are considered as equilibrium stategitype silicon the dark for more than one week, we assume that all Fe
with Fermi level below the energy level of interstitial Fe atoms are paired with Ga atoms and, heri¢eeGd=3.3
(i.e., for Er<E,+0.38 e\}. This is so because of the strong X 10*? cm 3,
electrostatic attraction of the positively charged iron atoms  The pronounced doping-concentration dependence of the
and the negatively charged acceptor atoms. Compared tow-injection lifetime in Fig. 2 indicates that the FeGa re-
B-dopedp-Si wafers with comparable doping concentrationcombination center has a relatively shallow energy level in
and Fe contamination, the lifetimes in Ga-dopei are the Si band gap. As discussed in Sec. ll, there is strong
much lower. For example, studying &<cm B-doped evidence from the literature for the existence of two electri-
p-Si wafers with Fe concentrations around 8.50'2 cm3, cal levels of FeGa pairs in silicoi=**One state occurs be-

A. FeGa pairs
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. T 1000 . .
+ FeGa in Si v s 1 Fe-contaminated Ga-doped Si
~ 10,0 _[FeGa] =3.3x10 “cm ] light-soaked [
:,1_), T E 0 Qcm E 7”; ! el
= = L. 5%FeGa _ .~ _
8 s . GE’ 100 E Pid =~
g 3 g
T OO E e———— B
E 3 ] E 10 > p
T 3 ] 5
© [E-E,=(020£0.01) eV ] o
| 5,= 4x107"* cm? J 0.3 Qcm 5% Fe,
0= 2610 o W
0'1 gl L2 sl AT 1 1

101 101 1018 1018 1013 1014 1018 1078
Excess carrier density An (cm'3) Excess carrier density An (cm'3)

FIG. 2. Injection-dependent lifetime measuremesisnbols and SRH fits FIG. 4. Injection-dependent lifetime measuremesisnbols and SRH fits
(solid lines for iron-contaminated Ga-doped Si samples of three different(solid lineg for iron-contaminated Ga-doped Si samples of three different
resistivities (0.3, 3, and 1@)cm). The total iron concentration of all resistivities(0.3, 3, and 1) cm) after light soaking. The total iron concen-
samples is 3.% 10'2 cm 3. As the samples were stored in the dark for more tration of 3.3x 10'? cm 2 is the same for all three samples. Different con-
than one week prior to the measurements, all interstitial iron atoms areentrations of Feand FeGa pairs were used to generate the(ditgen in
paired with gallium. percent of the total iron concentration

tweenE,+0.21 andE,+0.24 eV and the other one between uncertainty ofE;=E,+(0.20+0.01 eV. This energy level is
E,+0.10 andE,+0.15 eV The two states are donor lev- in good agreement with the DLTS results of Ciszek and
els associated with the stable trigonal and the metastabl@/ang®who determineds,=E,+0.21 eV for the deep donor
orthorhombic configurations of the FeGa pair, respectivelylevel of the FeGa pair. Hence, our results strongly suggest
In Sec. IV it was shown that the recombination via shallow-that the deep donor level dominates the recombination
level centers with the energy level close to the valence-banthrough FeGa pairs at room temperature. As discussed in
edge results in a low-injection SRH lifetimggy j, depend-  Sec. 11, the deep donor level corresponds to the trigonal con-
ing on the doping concentratiorN, as 7sgui=7ho  figuration, which is the stable form of FeGa pditsThis is
+10P1/Na. Hence, a linear fit of the measured low-injection important to note, as in the determination @f we have
lifetimes 7sgyy i taken from Fig. 2 as a function of the inverse assumed that all FeGa pairs are in the same state. The rela-
doping concentration Ny gives 7o and p; (see Fig. 3. tively large o, value of~4x 10714 cn? is the reason for the
From the intersection of the linear fit function in Flg 3 with Strong recombination activity of FeGa pairs in silicon. Inter-
they axis, we obtain for the electron-capture time constaniestingly, the electron-capture cross sections for FeGa and for
70=(0.7£0.9 us. Using o,=(vinmoN) ™" with the defect jsolated Feare practically identicalsee Table .
density N;=3.3X 10" cm3, an electron-capture cross sec-  The hole-capture cross sectiop for the FeGa center is
tion of 0;,=(3.9£0.6 X 10"** cn? is obtained. The slope of getermined by simultaneously fitting the SRH Efj). to the
the linear fit in Fig. 3 equals the productgf andp;. AS 7o injection-dependent lifetime curves in Fig. 2. As the energy
is known, the slope directly givesp;=1x10"-2 |eyelE, and the electron-capture cross seciigrare known
X 10* cm™. In the determination of the slope, the error is from the previous analysis of the low-injection lifetime data
relatively large as the low-injection lifetimes of the Ga- and the recombination center densityis a fixed parameter,
doped Si wafers in Fig. 3 are not on a perfect straight IineUp is the only free fit parameter in E(L). From the fit of the
However, as according to E) the energy leveE—E, of  jnjection-dependent lifetime curves in Fig(blid lines us-
the recombination center is given By In(py/N,), the rela- jng the o, and E, values given in Table II, we determine
tively large error inp, results only in a small energy level 7,=(2+1)x 101 cn?. As the high-injection SRH lifetime
TsrH,hi €qUalST o+ 7, the lifetimes in Fig. 2 are only mod-
— T erately sensitive to variations o, within the low- to

—
14 in Si . S S o

[ ;22:]'_“333')(1012%_3 medium-injection range of our lifetime measurements.
2r ' ] Hence, the uncertainty range is larger i@y than for oy,
10 F . There are only a few studies in the literature reporting hole-

capture cross sections for the deep donor level of FeGa in

Low-injection SRH lifetime 1., ,; (US)

8r Tsrisi = Tro + TroP4/Na - . .

silicon, and the scatter in the, data is around one order of
°r magnitude™" The o, determined in this work is in excellent
4r b= (1-2x10% em® agreement with the DLTS results of Wiinstel and Wather
2tk ] and Beljakowaet al,** who measured ar, value of 2
h To=(07£0)ps ] X 10714 cn?.

0 2 4 6 8 Figure 4 shows the injection-dependent lifetime mea-

Inverse doping concentration 10'%/N, (om’) surements of the same samples as shown in Fig. 2 after illu-

FIG. 3. Measured low-injection lifetimessgy j (circles obtained from Fig. mination with white “ght for 1 min at 0.7 W/cfnThe m.ea-
2 as a function of the inverse doping concentratioNLand linear fit(line) sured curves can be accurately modeled, assuming tWO
for FeGa pairs irp-type Si. recombination centers to be present. One center is interstitial
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iron with the defect parameters taken from the literature and 1000 ¢
the second center is the deep donor level of the iron-gallium
pair analyzed in this workall defect parameters used in the
modeling are given in Table )l The SRH lifetime of each
center is calculated using E@L), 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 (i.e., [Fe]+[FeGd=3.3

X 10'? cmi®), the only free parameter in the fitted curves,
shown as solid lines in Fig. 4, is the ratio of;Re FeGa 1
concentrations. Note that we have assumed again that all 101 101 10% 10

FeGa pairs are in the stable trigonal state only. The dashed Excess carrier density An (cm3)

line in Fig. 4 shows the Feaelated contribution to the total FIG. 5. Iniection- . o

e - . e . 5. Injection-dependent lifetime measurements for an iron-implanted
lifetime and the dash-dotted line the SRH lifetime of the 1450 cm In-doped Si sample befor@pen squargsand after (closed
FeGa center, both for the 1@-cm sample. For the 10- and squareslight soaking and SRH fitgsolid lineg. Also shown is the mea-
the 34 cm Ga-doped Si wafers, the fits clearly prove thatsured lifetime of a nonimplanted control samjgen circles

practically all FeGa pairs, that is, more that 95%, have been

dissociated during the 1-min illumination. In the case of the,y |ifetimes (~7 us) measured in the “not soaked” state

Iovg-resistivity 0.3€) cm Si wafer, however, 55% of Fand ¢4 pe attributed to Feln pairs. These measurements clearly
45% of FeGa pairs are present. We attribute this lower F&,gicate that Feln is a very effective recombination center, as
concentration to the very fast association of FeGa pairs in thg, Fega. Unfortunately, we are not able to determine the
highly doped material. Hence, during the time interval be-gyact energy level of the Feln-related recombination center,

tween the light soaking and the lifetime measuremenyyocqse In-dopeg-Si wafers of only one resistivity were
(~1 min), a large number of FeGa pairs may reform. As for o\ ajjaple in this study. However, the measured injection-

the FeB pair, the association time constggican, assuming  genendent lifetime curve in the not-soaked state in Fig. 5 can
Coulombic attraction between the pairing species dily o)y pe fitted by Eq.(1) if the energy level is closer than

light-soaked

100 |

not soaked

Carrier lifetime 1 (us)

-
[=]
T —TTT

[14.5-Qcm |I;I-d0ped Cz-ISi

our case Feand Gg), be expressed ds ~0.26 eV to one of the band edges. In the literature, two
egokT Feln-related donor levels &,+0.15 andE,+0.27 eV have
Tas™ N D(Fe)’ (3)  been obtained using DLTE.However, in contrast to FeGa

pairs, for Feln the shallow donor level, assigned to the ortho-
whereD(Fg) is the iron diffusivity in silicone is the dielec-  rhombic configuration, was identified as the stable state,
tric constant of silicon, and, is the vacuum permittivity. In  whereas the metastable trigonal configuration corresponds to
order to estimate the order of magnitudergffor the three  the deep donor state. In order to estimate the capture cross
samples in Fig. 4, we use E(B) with a room-temperature sections for the Feln pair, we assume that all Feln pairs are in
iron diffusivity of D(Fg)=10"*cn?/s* The association the stable configuration and the energy level BsE,
time constants calculated for the 10- and th@ 8m Si wa-  +0.15 eV, as reported by Chantre and Kimerlfdsitting
fers are 207 and 60 min, respectively, while that of the 0.3Eq. (1) to the measured lifetime data in Fig(&pen squares
) cm sample is only 5 min. This is in good agreement withresults in a very large, value of 3.5< 10713 cn? and ao,
the partial repairing observed for the dBem wafer, taking  of 1.5x 1074 cn®. In spite of the fact that the energy level of
place in the interval between the 1-min illumination and theg +0.15 eV is very shallow, due to the very large electron-
lifetime measurement. Note that the scatter in the iron diffucapture cross section, Feln is a highly effective recombina-
sivities reported in the literature is very lafgend, hence, tion center. Note that our results exclude the energy levels at
the determined association time constants can only be ré=,—0.32 andE,—0.39 eV detected by Fourier transform in-
garded as rough estimates. frared spectroscopy, which have tentatively been associated
with Feln acceptor statés.However, our experimental data
cannot definitely rule out the possibility that the deep donor
level atE,+0.27 eV might be the dominant Feln-related re-

Figure 5 shows the injection-dependent lifetime mea-combination center.

surements for an Fe-contaminated 1%5m In-dopedp-Si After illuminating the Fe-contaminated In-doped Si wa-
wafer before and after light soaking. The circles show thefer for 1 min at 0.7 W/crf, the lifetime in Fig. 5 shows a
lifetime of a control wafer of the same type, which, apartpronounced increase. The measured injection-dependent life-
from the ion implantation, was given exactly the same treattime curve after light soakinéclosed squares in Fig.) ®an
ment as the Fe-contaminated Si wafer. The high lifetimebe accurately fitted by assuming that all Feln pairs have been
(~750 us) of the control wafer indicates that no additional dissociated during illumination and that isolated Béne
contamination was introduced during processing. The life-determines the recombination lifetime. We conclude that
time measurement before light soaking was performed aftefeln pairs show a light-stimulated dissociation intq &ed
storing the wafer for more than one week in the dark. Hencelng equivalent to that observed for FeGa and FeB pairs. Our
it can be assumed that all mobile interstitial Beoms have results therefore indicate that light-stimulated dissociation is
formed pairs with immobile substitutional Jnd the very a common property of all iron-acceptor pairs.

B. Feln pairs
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1000 | (8)5 Qcm p-Si ration. Therefore, we conclude that it is likely that Feln is the
N= 10" em” j 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 (solid lines in Fig. 6, for which the defect param-
eters are relatively well known from the literatuisee Table
II). From dissociation experiments of FeB pairgisi, it is
known that there exists a particular excess carrier density
Ancop at which the lifetime remains unchanged after
dissociation:>*® This crossover point of the injection-
dependent lifetime curves associated with FeB and riee
spectively, (solid and short-dashed lines in Fig) Bas re-
cently been shown to increase linearly with doping
concentratiorf® It was also found that\ncop> 10 cmi3,

. and therefore iron-contaminated boron-doped silicon solar
Fom T cells always degrade in efficiency after the dissociation of
g FeB pairs, because typical solar cells operate at excess car-
rier concentrations less thant@m3.** Interestingly, as un-
Excess carrer density an (o) der open—circuit conditions the excess carrier density can,
depending on the type of solar cell and the degree of its
FIG. 6. Injection-dependent SRH lifetime curves for,FeeB, FeGa, and CONtamination, be well above the crossover point, the open-
Feln in (a) 5-Qcm and(b) 0.5€2 cm p-type Si calculated foT=300 K circuit voltage of a solar cell may also increase in certain
using the defect parameters given in Table Il. The density of centers hagzged Birkholz et al?® have recently derived an analytical
been taken abl,=10" cm3, . - - -
expression for the crossover point, which can also be applied
to the dissociation of FeGa and Feln pairs. This expression
C. Comparison of different iron-acceptor pairs can be written in a simplified form for recombination centers

) o .. with the energy level close to the valence-band edge and for
In order to directly compare the recombination activity doping concentrationsl, > 101 cm™3 as

of different iron-acceptor pairs ip-type silicon, we have
calculated the injection-dependent SRH lifetimes for a fixed

100

10

SRH lifetime tg5, (Us)

1
1000

100

-
o

SRH lifetime g, (us)

-

0
1012 10% 10 105 10'¢ 10"

_on(FeA) -a,'(Fe) oy(Fe)

Ancop= N

defect concentration dfi,=10'2 cm 3 using Eq.(1). The de- o, '(Fe) AT on(Fen)
fect parameters for Feand FeB were taken from the E(FeA) - E
literature;*® whereas the parameters for FeGa and Feln X p(— T) (4)

have been determined in this study. All defect parameters
used in the calculations are compiled in Table Il. Figure 6ynere A stands for the acceptor atoms Ga and In. In the
shows the calculated SRH lifetimes associated with eacHerivation we have also used the fact thgtFe) is several
type of recombination center in high-resistiviy (. cm) and  orders of magnitude smaller than all the other capture cross
low-resistivity (0.5 () cm) p-type silicon. As can clearly be sections involved. As within the measurement uncertainty
seen from Fig. 6, independent of doping concentration anthe electron-capture cross sections for, Bad FeGa are
injection level, FeGa and Feln pairs are much more effectivequal [i.e., o,(FeGa=o,(Fe)], according to Eq.(4) the
recombination centers than FeB pairs. The comparison agfrossover point does not depend on the doping concentration.
FeGa and Feln is more difficult because the uncertainty if)sing Eq.(4) and the defect parameters from Table II, we
the defect parameters determined for Feln is relatively larg&alculate Ancop=2.5x 10" cm™ for Ga-doped p-Si, in

due to the fact that we have only studied In-doped Si of ondgreement with Fig. 6. This crossover point is well below the
specific relatively high resistivity, showing similar recombi- 2NcopOf the FeB dissociation. The typical operating point of

nation lifetimes as the corresponding Ga-doped materia®"€-SUn silicon solar cells is very close to the FeGa crossover

Hence, FeGa and Feln pairs show a comparable recombing.pmt' Hence, we expect o ora very gmall change in effi-
. L o . ) ciency of Fe-contaminated Ga-doped Si solar cells after the
tion activity in high-resistivityp-type silicon[see Fig. 63)].

In low-resistivity silicon. Fig. 6) indicates that Feln show dissociation of FeGa pairs. For Feln pairs the situation is
ow-resistivity siiicon, Fig. cates that -ein shows very different. Because of the large electron-capture cross

a stronger reco_mbiqation activity than FeGa. However, itsection for Felr(see Table Il, which is one order of magni-
should be kept in mind that we have assumed here Egat allide larger than the electron-capture cross section for Fe
Feln pairs are in the shallow-dqnor stateEgt+ 0.15 eV: [i.e., o,(Feln > a,(Fe)], the first term in Eq(4) becomes
The situation would be reversed if we assumed that the deeprgative. HenceAncop decreases with increasing doping
donor state atf,+0.27 eV determines the recombination concentration and even becomes negative for doping concen-
lifetime of Feln in Si?’ However, this is relatively unlikely trationsN, > 1.3% 106 cmi 3, which means that there would

as the deep-donor state is known to be metastable, while thexist no crossover point in low-resistivity In-dop@eSi, as
shallow-donor state corresponds to the stable Feln configishown in Fig. €b).

Downloaded 24 Mar 2010 to 150.203.243.38. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



113712-8 J. Schmidt and D. Macdonald J. Appl. Phys. 97, 113712 (2005)

5 e nigues usually operate under medium- to high-injection con-
N N,=1x10" cm o . . .
M e eao® ditions. Alternatively, the diffusion length can be measured
N '_";\.\ T e to determine the Fe content. Diffusion length measurement
N 3010 ] techniques, such as surface photovoltage, frequently operate
' : at injection densities well below the crossover point. In this
injection rangeC is usually positive and approaches a con-
stant value for very low injection densitiésee Fig. 7. As
discussed above, the uncertainty is the largest for In-doped
silicon shown in Fig. %), whereas the curves shown in Figs.

7(a) and 7b) are based on very reliable data.

alaaaad

1/C (10'13 ps'1cm3)

VI. CONCLUSIONS

Recombination parameters for FeGa and Feln pairs in
silicon have been determined by fitting the SRH equation to
injection-dependent carrier lifetime measurements performed
on Ga- and In-dopeg-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 té;be
=E,+(0.20£0.0) 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.

N/ The relatively large electron-capture cross sectignof 4
(Feln N X 107 cn? also determined from the low-injection lifetime
108 1010 10™ 1012 107 10™ 1015 1016 1077 data has been found to be the reason for the very strong
Excess carrier density An (cm3) recombination activity of FeGa pairs in silicon. A hole-
o _ _ _ capture cross sectiam, of 2x 1074 cn? has been obtained
FIG. 7. Inve_rse cal|brat|on_fact0r !L‘/asafuncn(zn of excess carner_(_iensny from the SRH fits to the complete injection-dependent life-
An and doping concentratioN, calculated forT=300 K for p-type silicon . . .
doped with(a) boron, (b) gallium, and(c) indium. time curves. For the Feln 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

The most sensitive technique to measure thecBacen-  shows that the energy level is closer than 0.26 eV to one of
tration in B-dopedp-type Si was proposed by Zoth and the band edges. In the case of Feln, the shallow donor level
Bergholz®® It is based on measuring the lifetimésr diffu-  at E,;=E,+0.15 eV related to the orthorhomic configuration
sion length$ before (7;) and after(r;) dissociation of FeB is known to be the stable state. Using this energy level, we
pairs. Assuming that all other recombination processes resbtain from the best fits to our injection-dependent lifetime
main unchanged, the iron concentration can be determinedata 0,,=3.5x 1073 cn? and ¢,=1.5X 107** cn?. Despite
by the relatively shallow energy level, its very large electron-

capture cross section makes Feln extremely recombination
_ 1 1 active. A direct comparison of the recombination activity of
[Fel= C(An’NA)<:1 B 70) (5) FeB, FeGa, and Feln pairs mtype silicon has shown that
FeGa and Feln pairs are much more effective recombination
where the calibration facto€ is a function of the injection centers compared to FeB pairs.
densityAn and the doping concentratidw,, and can be eas- Under illumination with white light, FeGa and Feln were
ily calculated using Eq(l).16 Using the defect parameters found to dissociate into interstitial iron and the correspond-
determined in this study for FeGa and Feln, the same methadg substitutional acceptor. Storing the samples in the dark
can now also be applied to Ga- and In-dojetype silicon.  was found to lead to a full re-pairing of FeGa and Feln pairs.
We have calculated the calibration fact©tAn,N,) for all We conclude that FeGa and Feln pairs show a
three iron-acceptor pairs considered in this study using theecombination-enhanced dissociation equivalent to that ob-
SRH equation and the defect parameters listed in Table liserved for FeB pairs, indicating that light-stimulated disso-
The results are shown in Fig. 7. Negative valuesCoére ciation is a common property of all iron-acceptor pairs in
obtained for injection densities above the crossover pointsilicon. Lifetime or diffusion length measurements per-
meaning that the lifetime increases after dissociation. Thisormed before and after illumination can, hence, be used to
case is most relevant for the determination of Fe concentradetermine the iron concentration in Ga- and In-doped silicon
tions by means of lifetime measurements as lifetime techwith a very high sensitivity.

1C (10 ps'em?)

1C (10" ps'em®)

NS hbbNiocamwrn & M 4 0 2 v w & S

D. Determination of iron concentration
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