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Structure and transformation of the metastable boron- and oxygen-related defect center
in crystalline silicon
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We analyze the core structure of the carrier-lifetime-reducing boron- and oxygen-related metastable defect
center in crystalline silicon by measuring the correlation of the defect concentration with the boron and the
oxygen contents on a large number of different silicon materials. The experimental results indicate that the
defect is composed of one substitutional boron and two interstitial oxygen atoms. Formation and annihilation
of the metastable boron-oxygen complex are found to be thermally activated processes, characterized by two
strongly differing activation energies. Measurements of the defect generation rate as a function of light inten-
sity show that the defect generation rate increases proportionally with light intensity below 1 r\afidm
saturates at higher intensities. All experimental results can be consistently explained using a defect reaction
model based on fast-diffusing oxygen dimers,jOwhich are captured by substitutional boron) B form a
metastable BO,; complex. Based on this model, new strategies for an effective reduction of the light degra-
dation of solar cells made on oxygen-rich silicon materials are derived. The model also explains why no
lifetime degradation is observed in aluminum-, gallium-, and indium-doped oxygen-rich silicon.
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[. INTRODUCTION power of 5, was reported. These results gave rise to the sus-
picion that the metastable recombination center is probably
Solar cells made on B-doped Czochralski siliq@z-S)  associated with a defect complex different from th@,Bair.
degrade under illumination by up to 10¢elative) in effi- Moreover, it is highly doubtful if any interstitial boron exists
ciency. Although already known since 1973 conclusive in non-particle-irradiated silicon at all. These considerations
explanation of this material-related effect is still to be found.were further supported by measurements of Schmidt and
In retrospect, a central problem of the early studies on thi&uevas using injection-level-dependent lifetime spectros-
effect might have been the distinction between the fundaSOPY- They showed that the energy level of the light-induced
mental effectwhich is now known to be not only restricted "€cOmbination center is very different from that of thgOB
to solar-grade Cz-Si, but is presentath oxygen-rich boron-  Pair a}nd_ proposed a new core structure consisting of one
doped silicon materials, even if they are of highest purity substitutional boron (57 and several oxygen atoms. More
and metal-impurity-related degradation effects such as th ecently, Bourgoinet al.” proposed a possible atomic con-

dissociation of the iron-boron p&irThis might have been iguration of the boron-oxygen complex in which the B

one of the reasons why it was not until 1997 that the ﬁrstatom Is surrounded by threg @toms. They also suggested a

. . . new radation mechanism in which electron trapping in-
metal-impurity-free defect reaction model capable of ex- ew degradatio echanis ch electron trapping

S . d Jahn-Teller distortion, shifti f th lev-
plaining the fundamental degradation effect as well as th uces a Jann- 1efier disortion, Shifting one ot the energy 'ev

h . behavior during | ®Is of the defect to midgap. However, the proposed mecha-
characteristic recovery behavior during low-temperature anzic could not be experimentally verified up to now.

nealing was proposetiin this model, a lifetime-reducing In this paper, we present experimental results on the B
recombination center made up of one interstitial borop) (B 54 Q dependence of the metastable defect concentration,
and one interstitial oxygen (Patom is created under illu-  measured on more than 30 different silicon materials. Fur-
mination (BO;). Large concentrations of oxygen are Virtu- thermore, temperature- and intensity-dependent measure-
ally unavoidable in Cz-Si due to the partial dissolution of thements of the defect generation process and a detailed study
silica crucible during the growth process. Interestingly, it wasof the annihilation kinetics are presented. The measurements
found that Ga-doped and P-doped Cz silicon as well aprovide clear experimental evidence of our recently sug-
oxygen-lean float-zoné2) silicon samples do not present gested oxygen-dimer mod@l.

any lifetime degradation effect, which is thus exclusively
linked to thesimultaneougpresence of boron and oxygen in
the materiaP According to recent theoretical considerations
of Ohshitaet al,* the BO, pair could only exist in a stable In a recent contributiof,we have presented preliminary
configuration if a substitutional silicon atom would be sited experimental results on the boron and oxygen dependence of
between the boron and the oxygen atom. Glahal® veri-  the metastable defect concentration. We have now extended
fied the correlation with boron and oxygen, previously re-our data base considerably. The effective carrier lifetimes
ported by Schmidet al®> However, whereas they found an were measured before) and after ¢4) complete light deg-
approximately linear increase in the lifetime degradationradation at a well-defined injection lev&h using the quasi-
with boron doping concentration, a strongly superlinear in-steady-state photoconductan&@SSPG technique’ Surface
crease with oxygen concentration, approximately to thepassivation was realized using plasma-enhanced chemical-

II. COMPOSITION OF THE DEFECT
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FIG. 1. Measured normalized defect concentrabinas a func- FIG. 2. Measured ratio of the normalized defect concentration

tion of the substitutional boron concentratiB] for Cz-Si wafers Ny to the doping concentratioNy,, as a function of the interstitial
with similar oxygen concentrationsO]. The fitted curve shows oxygen concentratiofiO] for a large number of different Cz-Si
that Ny increases proportionally witpBg]. samples. Also included is one data point of an oxygen-rich FZ

. . . . . silicon wafer(O-FZ-Sij). The solid line is fitted to the measured data
vapor-deposited silicon nitride films deposited onto both wWa- g foliows a power laN? /Ngg,—[ O}]*

fer surfaces at low temperatutd00 °Q).1° From the mea-

sured 7, and 74 data, the normalized defect concentrationmined according to DIN 50438-1 using a Bruker Equinox 55
N} =1/74— 1/7y was calculated. FTIR spectrometer. The _solid line in Fig. 2 shows the fit of a
power lawNy ~[O;]%, with a=1.9, to the measured data.
The quadraticincrease of the defect concentration with in-

; HE i - ing[ O] is in excellent agreement with our previously
materials with similar levels of oxygen contaminatip®;] crea_smg[ ' . .

= (7—8)x 10 cm™3. The B concentrations equal the dop- pubrilsr;]ed dlatﬁ.The (ljmgodrtantgjlfference to r(])ur_recerr:t 1?ctudyd

ing densitiedNy,, of the wafers and were directly calculated Is the hugely extended data base, strengthening the founda-
|fng th deP istiviti btained f ad i dtlons for the oxygen-dimer model, which will be discussed in
rom the water resistivities obtained from eddy currént andg, . -, Compared to thdl¥ (B measurements shown in

four point probe measurements. All lifetime data were mea-Fig_ 1, the scattering of the data points in Fig. 2 is much

sured at a fixed injection level of=An/Ngo,=0.1, which is  |5r46r" suggesting an indirect participation of interstitial oxy-
close to low-level injection, but large enough to avoid anygen in the defect complex. Also included in Fig. 2 is one data
mmqnty'-carréer trapping effects. Note that in Our previous  point of a boron-doped oxygen-rich FZ-Si wai@-FZ-Si),
publication§® we have analyzed the low-level injection life- which shows the same lifetime degradation behavior as Cz-
times determined by fitting the complete injection-dependen;, supporting that it is exclusively the simultaneous pres-
lifetime curves. The benefit of evaluating the lifetime data atence of boron and oxygen causing the lifetime degradation
a fixed injection level is that it is not necessary to measureind not the crystal growth technique. Moreover, we have
the complete injection level dependence of the carrier lifeinvestigated silicon wafers grown by the magnetic-field as-
time over a broad injection range. As can be seen from Figsisted Czochralski methodCz-Si), having strongly re-
1, the measured data points show a nearly perfegpor-  duced oxygen contents. Including the MCz-Si wafers into
tional increase oN} with increasing B]. Since this finding  Fig. 2 results in a slightly weaké¥; (O;) dependence. These
is in excellent agreement with the results of several previougesults are discussed in detail in a separate pdper.
studies>®® the linear dependence of the metastable defect The quadratic dependence of the defect concentration on
concentration on the boron concentration may now be refO] is @ much weaker dependence compared to that found
garded as firmly established. by Glunzet al® This discrepancy might, to a certain extent,
A much broader scattering in the data points has beeR€ due to the different measurement conditions applied in
found for theN* (O)) dependence® In our earlier papef, both studies. While our lifetime data were measured at a
Cz-Si materials with similar boron doping concentrationsfix€d injection level, the measurements in Ref. 5 were per-
have been measured, limiting the number of data points COﬁ_‘grmed at a constant bias light intensity, resulting in different

siderably. We have now extended our data base includinfji€ction levels for samples with varying lifetimes. More-

Cz-Si materials with different Bconcentrations and dividing OVe', the samples i”o Ref. 5 were thermally oxidized at high
the measured¥ values by the corresponding doping Ccm_temperature(>1000 O to passivate the wafer surfaces.

centrationsNy,,=[Bg]. This procedure assumes a propor-SUch a high-temperature treatment might alter K O)
tional dependence o} on Ny, ** which is experimentally dependence.

verified in Fig. 1. o lll. DEFECT FORMATION
In Fig. 2,N{/Ngqpis plotted versugQ;]. The carrier life-
times were again measured at a constant injection level of We have performed measurements of the time-dependent

»=0.1. The interstitial oxygen concentrations were deternormalized defect concentratidd; (t) on a standard 1.1-

Figure 1 shows the measured dependencdliofon the
substitutional boron concentratigrBg] for various Cz-Si
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FIG. 3. Arrhenius plot of the defect generation r&g,,. The . .
linear dependence shows that the defect generation is a thermally F'G- 5. Measured defect generation rétg,, as a function of

activated process characterized by an activation energfqgf ! umination intensityl for a 1.5(cm B-doped Cz-Si sampl&e,
=04 eV. increases proportionally withl at low light intensities

<1 mWi/cn?) and saturates at higher intensities.

Qcm B-doped Cz-Si material. Between each measurement,am le was ket at a fixed temperature of 60 °C. The corre-
the Cz-Si sample was illuminated with a halogen lamp at 10°2MP P b '

mW/cn? at temperatures ranging from 45 to 100 °C. In thisSponding fits(s.olid lines i.n Fig. 4 giye the generation rate
temperature range, defect annihilation can be completely né:‘—)ge” as a function of the light intensity Figure 5 shows the

: : correspondingRy.{(1) dependence. At very low intensities
gfﬁttﬁggmee fcli;f((:at%r?eneranon ®Ge( T) was determined below about 1 mW/cH the increase ifRgen is directly pro-

portional to the increase in light intensity. Such a dependence
* —N* _ _ would be expected from a recombination-enhanced defect
NE (T =NE (t—0)[1~exp(~ Rged T)U)] @) formation process, requiring a proportional relationship be-
to the measured data. The initial very fast decay of the carrigiwveen the defect generation rege, and the photogenera-
lifetime, observed during the first few seconds of light soak-tion rate G, which equals under steady-state conditions the
ing, was not analyzed in this study. Figure 3 shows thgecombination raté). At intensities above 1 mW/CMRyen
Arrhenius plot ofRye, as a function of inverse temperature saturates at a value of 16 1/min. A very similar behavior
1/T. The measured linear dependence in Fig. 3 clearhhas recently been observed by Hashigamal'* on Cz-Si
proves that the physical mechanism responsible for the lifesolar cells.
time degradation in boron-doped Cz-Si solar cells thex-

mally activatedprocess with a relatively low activation en- IV. DEFECT ANNIHILATION
ergy of E,.;=0.4eV. This finding suggests a diffusion- . -
Iin?i¥ed defgggt formation mechanis?n 99 Rein et al. have shown recently that the defect annihila-

tion is a thermally activated proceksTo determine the ac-
tivation energyE,,, of this process, they performed situ
lifetime measurements using a microwave-detected photo-
conductance decayMW-PCD) setup with an integrated cry-

Figure 4 shows the evolution off (t) at different illumi-
nation intensities. During light soaking, the 1&m Cz-Si

& 80 [ o 100 mWiem® ostat. The measurements were carried out in a temperature
= 5k 20 range from 110 to 150 °C and resulted in an activation en-
2 5 ergy of E;,,=1.3 eV. In a more recent study, we have veri-

% 20} fied the thermal activation of the annihilation process, but
'g - obtained a higher activation energy of 1.8%M contrast to

5 st the study of Reiret al,'® we used the QSSPC method and

3 - performed the lifetime measurements at room temperature.
3 10F Hence, during the measurement of each annihilation curve
k) i the samples were alternately annealed in the dark at a con-
£ 5 60°C trolled temperature between 115 and 145 °C and measured at
£ g~ 1500mCz-Si room temperature. The permanent temperature cycling dur-
= 00 50 100 150 200 ing the recording of one annihilation curve is a fundamental

drawback of this method.
Due to the relatively large measurement error of our pre-
FIG. 4. Evolution of the measured normalized defect concentravious method, we have developed a new approach for a more
tion N¥ (t) for a 1.5Q0cm B-doped Cz-Si sample at different illu- accurate determination d&,,,. This approach is based on
mination intensities. The sample was kept at a constant temperatutduminating the samples during annealing and measuring the
of 60 °C during illumination. lifetime saturation value only.

llumination Time ¢ (min)
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FIG. 7. (Color online Estimated configuration of the metastable

B4 O,; complex in the silicon host lattice.
FIG. 6. Arrhenius plot of the defect annihilation ragg,,. The

linear dependence shows that the defect annihilation is a thermall
activated process characterized by an activation energi qf
=1.3eV.

ﬁosed in Ref. ¥, the dependence of the metastable defect
concentratiorNy on[Bg] and[O;] (Sec. 1) suggests that a
reaction between a cluster of oxygen atoms and a boron atom
Taking into account that in this experiment annihilation ©€CUrs- As substitutional boron is largely immobile in the

and generation occur simultaneously, the time dependence 8ficon lattice and interstitial boron exists only in negligible
N* is determined via the differential equation amounts in non-particle-irradiated silicon, we have devel-
t

oped a defect reaction model in which an oxygen cluster is
dN () . . . the mobile species in the defect react?oﬁmall oxygen ag-
T:Rger[Nt.max_ N (t)]— RandNT (1), (2)  glomerates, in particular the oxygen dlmegiowr_uch is
made up of two Qatoms, can be extremely fast diffusers in
whereN?,__ is the maximum defect concentration. Prior to Silicon.***" The diffusivity of the oxygen dimer in silicon is
illumination, the sample is annealed in the dark at 200 °C, sénown to be several orders of magnitude higher than the

thatN* (t=0)=0 and the solution of E¢{2) becomes diffusivity of interstitial atomic oxygen? The fast-diffusing
O,; dimers are captured by substitutional borajt®@form a

Rgen . B¢ O,; complex, which acts as a highly effective recombina-
R+ R Nimal 1~ eXp(— (Rgent Rand D] tion center. Due to the fact that the tetrahedral covalent ra-
gen” ~ramn (3 diusof the B aton0.88 A) is 25% smaller than that of the Si

host atom(1.17 A),*° the Q,; is preferentially accommodated
The characteristic decay time constant of this procesé the vicinity o a B atom.

1/(Ryent Rann) is much faster compared to the isolated anni- ~ As the defect formation process is governed by the diffu-
hilation and generation processes. Hence, after a relativelsion of the oxygen dimer, it is a thermally activated process,
short period, in our experiments it was always below 1 minwhich agrees well with our experimental findings presented
the defect concentration saturates. The defect annihilatiom Sec. lll. Figure 7 shows an estimated configuration of the
rateR,,{T) can now directly be calculated from the satura- metastable B-© complex based on theoretical calculations
tion value of the normalized defect concentratidif (t  of the stable dimer structure, which is believed to be a ‘puck-
— o), the maximum possible defect concentratidfy,,, and ered dimer’ structure, where both oxygen atoms sit bond-
the defect generation raf{T) as known from the mea- centered in a kinked Si-O-Si boritl.The proposed B-©

N (1) =

surements shown in Fig. 3:

*
t.max

structure bears a certain similarity to the A)@omplex
identified by Gregorkiewiczet al?! using electron-nuclear
double resonance. In their Al-Omodel?! the aluminum

atom is shifted from its substitutional position to a tetrahe-
dral interstitial site, creating a vacancy. On the basis of our
Using this method, we are able to extend the temperaturBeasurements we cannot rule out that in the boron-oxygen
range up to 210°C. Figure 6 shows the correspondingompleX, a similar shift of the boron atom might occur dur-
Arrhenius plot ofR,,,. The activation energy obtained from Ing the reaction with the oxygen dimer and a vacancy is
the fit to the measured data B,,=1.3 eV, which is in created. This would |mply that thel energy levels of the
excellent agreement with the results of the dynamic lifetimedoron-oxygen complex in the forbidden bandgap would
measurement®. mainly be determined by the interaction of the vacancy with
the oxygen atoms. Hence;-B-O,; seems to be another pos-
sible structure for the metastable boron-oxygen complex.
There are two possible mechanisms concerning the role of
Assuming the lifetime degradation in boron-dopedthe illumination or, generally speaking, the minority-carrier
oxygen-rich silicon is due to an actual defect reactiand injection. The minority carriers are in both cases not directly
not just due to a change of the defect configuration as proivolved in the defect reaction, but their presence triggers the

N
Rann:< N* - 1) Rgen- (4)
t

V. DEFECT MODEL
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FIG. 8. Energy diagram of theBO,; interaction.
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reaction by(i) changing the charge state of the; Owhich FIG. 9. Effect of light-soaking on the carrier lifetime of Al-,

might lead to an increase in the,Qiffusivity; or (ii) en-  Ga-, and In-doped Cz-Si wafers of different resistivifigsompared
hancing the @ diffusivity via a recombination-enhanced with conventional B-doped Cz-Si. The €oncentrations of all ma-
diffusion proces® \oltage- and temperature-dependentterials are in the range of (7—-8&)10'" cm™>.
measurements of the dark degradation behavior of Cz-Si so-
lar cells have been performed by the authors to decide which
process applie€* If mechanism(i) would apply, the shift  With the migration energy range calculated by letel*® for
of the threshold voltage above which the degradation occure oxygen dimer. Using infrared absorption spectroscopy,
should show the same temperature dependence as the FedYherg et al”® have determined the activation energy of the
level. However, it turns out that the experimentally observedliffusivity of the oxygen dimer in the temperature range
temperature dependence is much stronger and, hencd50—420°C. In their study, the 1013-Chabsorption band
mechanisn'(i) can be exc|ude€ﬁ On the other hand, mecha- was associated with the fast—diffusing oxygen dimer. The ex-
nism (i) would be in good agreement with the experimentalP€rimental data could be reproduced by a model assuming a
results presented in Fig. 5. At low light intensiti¢sc1 ~ sequential generation of oxygen clusters, and a migration
mW/cn?) we find a proportional increase in the defect gen-energy of 1.3 eV was determined for the dirfieHowever,
eration rateRge, with increasing photogeneration rae Un-  taking the migration of the oxygen trimer into account, much
der steady-state condition§, equals the recombination rate lower migration energieé=1 eV) were found to be capable
U. Consequently, our results prove thy~U at low light ~ Of reproducing the experimental data obérget al.™ When
intensities, clearly pointing to a recombination-enhanced decomparing these results with the activation energy of the
fect formation process. The observed saturatioRjg, for ~ defect formation process investigated in this paper, care has
light intensities above 1 mWi/chrmay be attributed to the t0 be taken, because very different temperature ranges are
relatively low concentration of § dimers in the silicon lat- compared. Unfortunately, no experimental data on the ag-
tice. Processii) is also in excellent agreement with our re- glomeration of oxygen atoms has been published so far in
cent finding that the defect generation rate depends only offie very low temperature range100°C studied in this
the total number of minority carriers and is hence alsoWork. o .
present under equilibrium conditions in the dark at elevated The second characteristic energy determined from our
temperatures. Details on this surprising behavior have begieasurements is the dissociation energy of the defect com-
published recentl§? plex, which corresponds to the activation energy of the de-
Figure 8 shows a schematic energy diagram of the interfect annihilation process:Ess=Eann=1.3 V. Unfortu-
action of G; and B.. The formation and dissociation reac- nately, a direct calculation d&ping from EgissandEpg is not
tion of the proposed BO,; complex are determined by three Possible. However, becau&ging> Egiss— Emig, We are able
characteristic energies: the binding enefgy,y, the migra-  to determine a lower bound to the binding enetgyng jow
tion energy of the oxygen dimeg,,,, and the dissociation = Ediss~ Emig=0.9 €V.
energy of the compleg ;. Enig has been calculated very
recently by Leeet al’® on the basis of density-functional- VI. REDUCING THE LIFETIME DEGRADATION
theoretic total-energy calculations. They found tEgf, of
the O,; dimer in silicon lies between 0.3 and 1 eV. For com-
parison, the migration energy of @ silicon is as high as 2.5 Figure 9 shows the effect of light-soaking on the carrier
eV. The migration energ¥ iy corresponds to the activation lifetime of Al-, Ga-, and In-doped Cz-Si compared with stan-
energy of the defect generation process as determined in Sedtard B-doped Cz-Si. The carrier lifetimes in Fig. 9 were
2 Emig=Egen=0.4 V. This migration energy is much measured by the MW-PCD technique at a fixed bias light
lower than that of Qin silicon. Hence, we can exclude the intensity of 30 mWi/crA The Q concentrations of all mate-
direct participation of Qin the boron-oxygen complex, rials in Fig. 9 are in the range of7-8)x10Y cm 3. In
which is in good agreement with the large scatter in thecontrast to the B-doped Cz-Si materials, no lifetime degra-
N{ (O)) data of Fig. 2. Howevert,,=0.4 eV is consistent dation is observed in Cz-Si doped with Al, Ga, or In. How-

A. Alternative acceptors (Al, Ga, In)

024107-5
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ever, in the case of the Al-doped Cz-Si very low lifetimes of
only a few microseconds are measured, which may be attrib-
uted to a specific Al-related defect species always present in
Al-doped oxygen-rich silicoR® We have examined Al-doped
Cz-Si materials of different manufacturers and the lifetimes
have always been well below the level typical for B-doped
Cz-Si. On the other hand, lifetimes in Ga-and In-doped Cz-Si
wafers reach values of several hundred microseconds and are
perfectly stable under illumination. The exceptionally high
electronic quality and perfect stability of Ga-doped Cz-Si has
been discussed befotd’ P .

Using the defect reaction model presented in Sec. V, we [ 450°C Annealing
are able to explain the excellent stability of Al-, Ga-, and 0.00 = " p
In-doped Cz-Si. The key seems to be the tetrahedral radii of Annealing Time ¢ (h)
the different elements. While the B atom is 25%allerthan
the Si host atom, the tetrahedral covalent radii of Al, Ga, and FIG. 10. Reduction in normalized defect concentrathh for
In are 8—23 %greater compared to that of the Si atoly.  three different Cz-Si materials after annealing the samples at 450 °C
Hence, there is not enough space available in the vicinity ofor up to 32 h.
these three dopant atoms to accommodate thalier.

According to Fig. 9, Ga- and In-doped Cz-Si are ideally ) ) )
suited materials for the manufacture of stable high-efficiencyl © formation. In order to verify our hypothe5|s; we have
silicon solar cells. In fact, stable solar cell efficiencies ex-annealed different B-doped Cz-Si wafers at 450 °C for up to

ceeding 20% have already been realized on Ga-doped Cz-87 h3t These conditions are ideal for the formation of TDs.
material?®2° The only drawback of Ga as an alternative As determined from the change in resistivity, after 32 h at

o ; 5 3
dopant element in Cz-Si is the relatively low segregation®0 °C @ TD density of-5X 10" cm " had been generated

coefficient, which is two orders of magnitude below that of BIn the samples. The evolution &if as a function of the

in Si. Hence, Ga-doped Cz-Si crystals exhibit a considerabljgnnealing time is shown in Fig. 10 for three different
higher variation in resistivity along their growth axis com- B-doped Cz-Si materials. After TD formation we measure a
pared to B-doped crystals. Me&t al. have investigated the pronounced reduction in the metaspable defect cqnqentratlon
usability of a complete Ga-doped Cz-Si ingot in their high-Up t0 a facto_r of three. This experimental result is in good
efficiency obliquely evaporated contact solar cell process an@dreement with the proposed defect model.

found that the resistivity variations are well tolerafleds

the segregation coefficient of In in Si is more than three C. Carbon-rich B-doped Cz-Si

orders of magnitude below't.hat of Bin Si, it is highly IiKer Another strategy for reducing the lifetime degradation
that the use of In-doped silicon grown by the conventionalyiqpt he the use of carbon-rich boron-doped Cz-Si. It is well

Cz method would lead to intolerable resistivity variationsknown that the presence of carbon in a high concentration
along the crystal axis. A way out of this problem might be(>1017 cm3) suppresses the TD generation in Cz-Si crys-

the use of co_ntmuou;ly meIt—repIe.mshed Cz growth. tals. This phenomenon has recently been associated with the
Note that in the literature no difference between B- and

; X “capture of oxygen dimers by substitutional carbon) (€
Ga-doped Cz-Si has been detected regarding the formati A : P » .
of thermal donor§TDs),* clearly indicating that despite the e GO, formation would be in direct competition with

the formation of the lifetime-limiting BO,; complex.
fact that TDs are well known to be oxygen-related COM-ance, we expect a reduced lifetime degradation in Cz-Si
plexes, their structure is different from that of the boron-

: wafers with high carbon content=(10'" cm™3). To verify
Eéﬁgsegfcg;?gg;('a':gvgg\rféhgms rg?aetz dngtsev)\(/ﬁ:ugee ;E?;Nao?’bur hypothesis experimentally, we have measured the con-
Sec. VIB "Lentration of the metastable defect in boron-doped Cz-Si wa-
: : fers with carbon concentrations ranging froC]
=(1.9-3.3)x 10" cm 3. Compared to conventional boron-
doped Cz-Si, having typical carbon contents below 5
X 10 cm™3, the concentration of the metastable defect is
The defect formation process suggested in this paper is, fxduced by about 30% in carbon-contaminated material,
a certain extent, similar to the TD formation mechanism proyaking carbon-rich Cz-Si a promising new solar cell mate-
posed by Geele and Taf® In this mechanism, @ dimers  ig).
are captured by other oxygen atoms or clusters to form the
higher-order TD levels. In fact, detailed theoretical and ex-
perimental work has shown that during the first few hours of
TD formation, the concentration of the,Cdimer shows a The dependence of the lifetime-limiting metastable defect
pronounced decreas®? As less Q; dimers are available, in boron-doped oxygen-rich silicon on the boron and the
we expect a decrease in thg B,; concentration and hence a oxygen concentrations has been studied. The linear depen-
reduced light-induced degradation of the carrier lifetime aftedence on the boron concentration and the quadratic depen-

0.04 r T T
1-2 Qcm B-doped Cz-Si]]
® Material 1 ]

v Material 2 ]
B Material 3 |

0.03 [
0.02 F

0.01 |- -

Normalized Defect Concentration N,* (1/ps)

B. Long-term annealing at low temperature

VII. CONCLUSIONS
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dence on the oxygen content indicate the defect to be comations, we have not found any lifetime degradation after il-
posed of one substitutional boron and two interstitial oxygerlumination in Al-, Ga-, and In-doped Cz-Si.

atoms. Formation and annihilation of the metastable boron- Interestingly, there seems to exist a certain linkage be-
oxygen complex have both found to be thermally activatedween the B-O,; formation and the thermal donor formation
processes, characterized by two strongly differing activationn Cz-Si. In the latter process,Qdimers are believed to be
energies of 0.4 and 1.3 eV, respectively. Moreover, the defectaptured by other oxygen atoms or clusters to form the dif-
generation rate was found to increase proportionally withferent TD levels. Consequently, the,Qconcentration de-
light intensity below 1 mW/crhand saturate at higher inten- creases during TD formation. Using lifetime measurements,

sities. . o we have shown that the formation of TDs also leads to a
Based on these experimental findings, we have developedqyced B -0,; concentration, indirectly confirming our pro-

a defect reaction model to describe the formation and anningsed defect model. The important finding that TD formation

hilation kinetics of the metastable boron-oxygen-related dezpg magnitude of light degradation in Cz-Si are directly cor-

fect complex. In this model, fast migrating oxygen dimersyg|ated may open up new possibilities for an effective reduc-
O,; are captured by immobile substitutional borogt@form  tjon of the light degradation in Cz-Si solar cells.

the lifetime-limiting B-O,; complex. The @, diffusivity is
enhanced via a recombination-enhanced diffusion mecha-
nism. Due to the fact that the tetrahedral covalent radius of
the B atom is 25% smaller than that of the Si host atom, the

O, dimers are preferentially accommodated in the vicinity of  The authors thank R. Hezel for his continuous support and
a Bs atom. In contrast, the tetrahedral radii of the acceptoencouragement. Funding was provided by the State of Lower
atoms Al, Ga, and In are 8—23@seatercompared to that of Saxony and the German Ministry of Education and Research
the Si atom, hindering the binding of,0Oto one of these (BMBF) under Contract No. 01SF0009. The ISFH is a mem-

three acceptors. In good agreement with these consideber of the Germarrorschungsverbund Sonnenenergie
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