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Interstitial iron in crystalline silicon has a much larger capture cross section for electrons than holes.
According to the Shockley—Read—Hall model, the low-injection carrier lifetimp-fype silicon

should therefore be much lower thatnrtype silicon, while in high injection they should be equal.

In this work we confirm this modeling using purposely iron-contaminated samples. A survey of
other transition metal impurities in silicon reveals that those which tend to occupy interstitial sites
at room temperature also have significantly larger capture cross sections for electrons. Since these
are also the most probable metal point defects to occur during high temperature processing, using
n-type wafers for devices such as solar cells may offer greater immunity to the effects of metal
contaminants. @004 American Institute of Physid®Ol: 10.1063/1.1812833

Metallic impurities are common in photovoltaic grade For some other impurities, the minority carrier cross sections
crystalline silicon. Neutron activation analysfsstudies of under these conditions are known by carrier lifetime tech-
directionally solidified multicrystalline silicon have revealed, niques. These values are collected in Table | for’ &2’
for example, significant quantities of Fe, Cr, Cu, Mo, and Co.Ti,* V,%° Mo,'° Zn® and Au’® Values from Refs. 5 and 7 are
These contaminants are especially damaging when occurrirtgased on capture coefficierts,, converted to cross sections
at interstitial or substitutional lattice sites, since they mayoy,, using the thermal velor::xi@ vip=1.1xX10" cm/s.
then be evenly distributed throughout the wafer. Precipitated For the case of Fgethe ratio of electron to hole capture
metals may also be very active in terms of recombinationcross sectionsk=o,/ oy, is approximately 700. Using these
but at least in this case many impurity atoms are bound irparameters, and the energy level, it is straightforward to
one location. model the injection dependence of the excess carrier lifetime

Interstitial iron (Fe) is an especially common contami- with the SRH modet>™** For deep levels such as F¢he
nant: it produces a deep level in the band gap and has a mudbw injection lifetime is limited by the capture of minority
larger capture cross section for electrons than for hbkes.  carriers, or electrons ip-Si. In high injection, however, the
cording to the Shockley—Read-H&$BRH) model, this im- lifetime is controlled by both the electron and hole capture
plies that the low-injection carrier lifetime should be muchrates. If the hole capture cross section is much smaller, it will
lower in p-type silicon (p-Si) than inn type (n-Si). The  dominate the high injection lifetime, making it relatively
purpose of this work is to confirm this modeling experimen-large. Consequently, the lifetime will increase dramatically
tally. In addition, it is shown that other metal contaminantswith injection level, as shown in Fig. 1. im-Si, on the other
which tend not to precipitate during cooling, and are therehand, the lifetime is controlled by hole capture across the
fore more likely to produce point-like defects, also haveentire injection range, making it independent of injection.
larger cross sections for electrons. It is precisely these typedote that the ratio of the low-injection lifetimes im and
of impurities which are the most dangerous for devicesp-Si is equal tok.
which are sensitive to the bulk carrier lifetime, such as solar  To verify the modeling, samples containing Fe were pre-
cells. pared by ion implantation with a dose of@m2 and an-

The recombination strength of a given impurity is deter-nealing at 900 °C for 1 h. After etching, plasma-enhanced
mined by three parameters: the energy level and the captuhemical vapor-deposited SiN films were deposited for sur-
cross sections for both electrons and holes. Deep level traiace passivation. The float-zoEZ) n-Si samples were of
sient spectroscopyDLTS) has been applied to many metal resistivity 2) cm (Np=2.4x 10 cm™3) and 260um thick-
impurities in silicon in recent decades, yielding much infor-ness, giving a distributed Fe concentration of 3.8
mation about energy levels and majority carrier capture crosx 10'2 cm 3. The p-Si data are taken from Ref. 14, in which
sections. In cases where minority capture was also studie@z wafers of %) cm (N,=2.8X 10 cm™®) and 290um
measurements were often performed well below room temthickness were used, giving a similar Fe concentration of
peraturg(RT), and with strong electric fieldglue to probing  3.4x 102 cm 3,
in the space-charge regiprin only a few cases, such as for  Effective carrier lifetimesr were measured using the
Ti and Zn*®is the minority capture cross section also knownquasi-steady-state photoconductance techrigu€ontrol
from DLTS-like techniques under conditions applicable towafers without Fe implants were co-processed. By measur-
the base region of solar cellzero or small field and at BT ing the control and implanted wafers across the same injec-

tion range, the carrier lifetime due only to the introduced

dauthor to whom correspondence should be addressed; electronic mai,::Q.(TFe) can be extracted via }¢g=1l7—imp|anted_1/7'control- )
daniel. macdonald@anu.edu.au This procedure subtracts out the influence of other recombi-
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TABLE |. Recombination parameters of point-like metal impurities in crystalline silicon at RT.

Energy op Op
Impurity  RT lattice site Type Group  (eV) (cn?) (cm?) k=a,/ oy,
Ti Interstitial Donor 4 Ec-0.27 3.1x10%  1.4x10% 22
Interstitial D. donor E,+0.26  1.3x10* 2.8x10Y 460
\% Interstitial D. donor 5 E,+0.36 5x10°% 3.0x10'8 17000
Cr Interstitial Donor 6 Ec-0.22 2.3x10%8  1.1x108 2
Mo Interstitial Donor 6 E,+0.28 1.6x10* 6.0x10% 30
Fe Interstitial Donor 8 E,+0.38  5x10 7x10°Y 700
Au Substitutional ~ Acceptor 11 Ec-0.55 1.4x10%  7.6x10% 0.02
Zn Substitutional ~ Acceptor 12 Ey+0.33 1510 44x10% 034
Substitutional ~ D. acceptor Ec-0.47 1.3x10¥® 6.6x10%  0.00002

nation channels such as Auger and surface recombinatioare unlikely to dominate the recombination activity of these
Figure 2 shows the result for the Fe-dope8i wafer. Figure metals. Hence it is generally true that the most
1 shows the results after the subtraction procedure for bottecombination-active levels of transition metals from Group
n- and p-Si. The data for the boron-dopgdSi sample were 8 and below are donor states.
taken after illumination to break the FeB paifsyhich dis- Graff'® and Lemké’ have also observed that transition
play an entirely different injection dependeﬁée. metals from Group 8 or below tend to form moderate con-
The agreement between the model and the measureséntrations of interstitial centers at RT after high temperature
data is very good, especially considering the é@ncentra-  processing, while those from above Group 8 generally form
tion is determined by the dose, and is not a free parametegrecipitates and much lower concentrations of substitutional
Slight reforming of FeB pairgestimated to be approximately centers. This occurs because the diffusivities of the latter are
10%) before measurement is probably the reason for the dissignificantly higher. Since their diffusion length is still high
agreement at higher injection levels for tipetype case. at temperatures where the solubility becomes extremely
From this data we can extract a lower bound for the capturgmall, almost complete precipitation of the interstitial atoms
cross section ratio for I-,_-ef k> 75. The lifetime could not be occurs. As a resu“:, 0n|y the very small fraction which occu-

measured at lower injection levels in tpeSi sample due to  pied substitutional sites prior to quenching remains in solu-

minority carrier trapping artifacts. . o tion. Such behavior is well known for Co, Ni, and Cu
Many of the other transition metal impurities in Table | (Groups 9, 10 and 31for example'®
also havek values far from unity. Figure 3 plotk as a Thus there is an apparent coincidence in Table I: metals

function of the energy gap to the nearest band edge. The plgfom Group 8 and below are both donor-like and interstitial
shows a striking trend: the donor levels all have 1, while ot RT whereas those from above Group 8 are acceptor-like
the acceptor levels have< 1. As recombination centers, do- anq substitutional at RT. As a result of being donor-like, the
nor levels alternate between a positively charged state whiciyierstitial metals have large values lkafwhile the RT sub-
captures electrons, and a neutral state which captures holeg;rtional metals are acceptor-like wikh<1. This observa-
Since the charged state is more attractive to electrons thagyn has profound implications for their recombination activ-
the neutral state is to holes, it seems reasonable tokiade - the interstitial metals are, generally, more detrimental in
The opposite occurs for the acceptor levels. Note also thal_g; while the substitutional metals have a greater impact in
double donors and acceptors, which are doubly charged, s;j. |tsumi® came to similar conclusions for the specific

have even more extrerevalues. _ cases of Fe, Ni and Cu. Since the interstitial impurities are
Graff® and Lemke’ have noted that, in general, metals ji oy to occur in much higher concentrations than the sub-

from Group 8 or less on th_e periodic table are more Ilke_ly togtitutional onegfrom the precipitation argument abgyéhey

produce donor states, while those from Group 9 or higheg, ¢ the most important point-like metal contaminants techno-

generally produce acceptor states, as reflected in Table I'ogically. Notwithstanding the impact of precipitates, whose
There are numerous exceptions to this trend, for example, Thlative recombination activity im- and p-Si is not well

and V (Groups 4 and pexhibit both donor and acceptor
states. However, their acceptor states are quite shafland
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x 105 ——1——— T tering action of highly doped regions, and some metals, such

'§ 18; r . / ! 1 as Fe are effectively hydrogenated during cell proces%g.

5 102 : Ti& /Fei : Nevertheless, industrial phosphorus diffusions are often too

g 10F an/ﬁ Moy 1 rapid to allow complete gettering, and similarly hydrogena-

g 1N i z-’ """"""" -3 tion may be incomplete or ineffective for some metals. It is

3 10; I —a—donor <M 3 therefore conceivable that interstitial metals will, in some

5 :ga ,r. :f::gg:":o‘:mm Ads ; cases, impact on cell performance.

§ 1045 1 —0—double acceptor Zns 1 In conclusion, transition metal contaminants from Group
100.1 02 05 04 o5 06 8 and below_on the periodic table_ are the most likely to

Energy to nearest band edge (eV) produce relatively large concentrations of point defect re-

combination centers in crystalline silicon. These are intersti-
FIG. 3. Capture cross section ratio as a function of energy level depth fotial in nature, and correspond to those metals which tend to
impurities in Table I. produce donor states, and therefore have much greater re-

combination strength ip-Si thann-Si. If the presence of
established, this supports the useneli for devices such as  these impurities dominates cell performance, the®i may

solar cells. It may also explain the recently observed veryrove to be a better choice of solar cell substrate.
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