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Dynamics of light-induced FeB pair dissociation in crystalline silicon
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The dynamics of light-induced dissociation of iron—bo(BeB) pairs inp-type crystalline silicon is
investigated. The dissociation is observed to be a single-exponential process which is balanced with
thermal repairing. The dissociation rate is proportional to the square of the carrier generation rate
and the inverse square of the FeB concentration. This suggests that the dissociation process involves
two recombination or electron capture events. A proportionality constankdf®'® s describes the
dissociation rate well in the absence of other significant recombination channels. The dissociation
rate decreases in the presence of other recombination channels. These results can be used for reliable
detection of iron in silicon devices and materials, and for further elucidation of the electronically
driven FeB dissociation reaction. ZD04 American Institute of Physidg®OI: 10.1063/1.1823587

Iron is an important contaminant in silicon-based inte-tion, and provide insight into the dissociation mechanism and
grated circuit and solar cell technology. The presence of inthe dependence on sample characteristics. The results are
terstitial iron(Fe) in silicon can dramatically reduce the non- compared to earlier carrier-injection driven FeB pair disso-
equilibrium carrier lifetime, even at very low concentrations. ciation reported by Kimerling and Bentdms these authors
Therefore the most sensitive technique available for detectioted, apart from the technological relevance, the dissocia-
ing iron contamination is based on lifetime or diffusion tion is in itself an interesting object for study of electroni-
length measurementsdt utilizes the fact that the iron content cally driven defect reactions.
of a boron-dopeg-type Si wafer can be deliberately cycled Details of the investigated samples are given in Table I.
between being mostly present ag Beas pairs with substi- Most of the experiments were performed on monocrystalline
tutional boron: (Fg)*(By)~ pairs. At room temperature in float-zone (FZ) silicon. Some multicrystalline (mc-Si
thermal equilibrium virtually all Feis present as FeB pairs. samples were also investigated because of the dominance of
FeB pair dissociation can be accomplished by illumination athis material in solar cell technology. The FZ samples were
room temperaturé,by minority carrier injectiorf, or by in-  contaminated with Fe by implantation or indiffusidmc-Si
creasing temperature which shifts the equilibrium state of Fealready contains a significant amount of interstitial Fe from
and B to isolated ion$.The isolated and paired form of the growth process and therefore the mc-Si samples did not
interstitial iron have markedly different recombination receive any additional iron. The samples received a surface-
propertiest® This leads to significant changes in carrier life- passivating Siljcoating(surface recombination velocity less
time and diffusion length after dissociating the FeB pairsithan 100 cm/sand carrier lifetime was measured by quasi-
Assuming that all other recombination processes remain Unsteady-state photoconductari@SSPG.’ The total FeB con-
changed, the FeB concentration can be found by measuringentration was determined by lifetime change after intense
the carrier lifetime beforéro) and after(r;) pair dissocia-  jjjumination, sufficient to dissociate all FeB pairs. In two
tion: [FeB]=C(r, *~7,™"). The use of the known recombi- samples the surface recombination rate was deliberately in-

nation parameters of both FeB pairs and pvides the creased, for sample FZ8* by corona charging the,ibat-
prefactorC.” This technique for detection of iron has becomeing, and for sample MC1c* by omitting the SjNcoating

widely used in commercial applications for contaminationajtogether.

control in microelectronics, as well as being an extremely  The FeB dissociation was accomplished by illumination
useful tool for researching iron in silicon and gettering pro-with halogen lights, at or slightly below room temperature.
cesses in silicon photovoltaics. _ _ _Intervals of illumination were alternated with measurements
The repairing kinetics of FeB was investigated previ-of the momentary FeB concentration. The repairing during
ously by Zoth and Berghotzand was reported to follow an  gach measurement can be calculated and is only significant
exponential behavior with repairing raté&,=(N,T/4.3 (4%—10% in a few samples with higiFeB] and highN,, in
x 10°)exp(0.68 eV kgT) with the boron dopant densityain  \hich case the measurements were corrected for this effect.
cm™® andT in K. The kinetics of the light-induced dissocia- The minority carrier generation ra® due to the illumina-
tion of FeB has not been reported in detail, even thoughion was calculated from the illumination level in sthas
illumination is most often used in practice. It is believed thatneasured with a high-efficiency silicon solar cell. 1 sun was
the process is recombination-enhanced or recombinationsstimated to result iG=2.1x 1017 cm 2 s71/t, wheret is the
induced. This letter presents experimental results and mOdeé'ampIe thickness. In samples FZ1b and MC1c* the carrier
ing which describe quantitatively the light-induced dissocia-gitfysion length was so low that the excess carrier density

was inhomogeneous over the thickness of the sample, there-
¥Electronic mail: geerligs@ecn.nl fore t was replaced by an effective thicknéss.
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TABLE |. Samples investigated in this paper. FZ designates a monocrystalline float-zone silicon sample, MC a
multicrystalline silicon sample. All samples apart from MC1c* are surface-passivated with 8iBlLc and

MCl1c* are sister wafersryy,el 7Teeg IS @ measure of the importance of recombination through FeB vs recom-
bination through other channelsy; is the fitted exponent of the dependence of FeB dissociation rate on

minority carrier generation raté’jo G™.

Sample

N, (cm®)

P (Qcm) [FeB] (Cm_s) 7'other/ TreB M
FZla 1 1.5< 106 1.5x 101 1.2 1.8
FZ1b 1.1 1.4< 106 1.1x 104 13
Fz4 4 3.5x 10% 5.4x 1012 >10 1.7
FZ8 8 1.7< 101 6.3x 101 3.4 1.5-2.2
Fz8*
corona-charged 8 1710 6.3x 10 1.5
FZ20 20 6.8< 104 8x 101t >10 2.8
MCla 1.1 1.3 10% 2.3x 101 0.8
MC1b 0.9 1.7 106 6.9%x 101t 1.7
MClc 1.2 1.3x 106 2.5x 1012 10 1.6
MC1c*
unpassivated surface 1.2 K30 2.5X10%? 0.14

Figure 1 shows FeB dissociation data of sample FZ8 forateI'y for all samples, we have used the fact that the initial
two illumination intensities, as an example of typical curves.decay rate of Im(t)] equalsl'y, i.e., (d/dt)In[n(t)}-o=T.
The results are expressedrift) = Nggg(t)/Neeg(0), i.e., the

concentration of FeB pairs after illumination for a cumula- cated by the fact that for low illumination levels recombina-

tive durationt, relative to the total concentration &t0. It

single-exponential curve, but for largeflattens off to an

asymptotic value larger than zero.

light-induced FeB dissociation process with rRtg balanced
with the thermal repairing process with rdfe If dissocia-

tion and repairing rates do not depend on the relative co
centrations of Feand FeB, therdn/dt=-n(t)[T',+I'4]+T,,

and
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Deriving I'y from a fit to the completa(t) curve is compli-

tion through Feis more effective than through FeB. Thus, as
can be observed that the FeB concentration |n|t|ally follows FeB is being dissociated and replaced by the more
recombination-active Fethe recombination per FeB center

: : . ) _is reduced. It can therefore be expected fhatlecreases as
This behavior can be described by a single-exponentight) is reduced. In agreement with this, we generally found
the asymptotic value(w=)=I",/(I',+I'y) to be larger than the
value calculated from the=0 value ofl’y and the indepen-

Ndently determined value df,.

For several sample§,; was determined as a function of
minority carrier generation rat8. Those measurements fol-
lowed a power-law dependentgo«G™. Table | lists the fit-
ted value ofm for each sample, which varies around-=2.
Under steady-state conditions, the generatois balanced

Equation(1) was used to fit the data in Fig. 1. It is clear by recombination. Recombination in the FZ wafers is domi-
that within measurement accuracy the model describes theated by FeB and Féatt=0, by FeB only. The scaling of
data well. For accurate determination of the FeB dissociatioh’y with G™, with m= 2, therefore indicates that two recom-

bination or electron capture events through an FeB center are
responsible for the dissociation.

If the FeB dissociation rate depends on the square of the
recombination rate through the FeB centers, it may then also
be expected that, for consta@t samples with different FeB
concentration show a scalifg,«[FeB]™2. To verify this, in
Fig. 2 all measured dissociation rates are plottedl'as
X [FeBJ? versus carrier generation rate. The FZ sample data
in Fig. 2, with the exception of samples FZ1a and FZ20, are
indeed quite well arranged on a single lind};=K
X G?/[FeBJ?, with K=5x101%s. This means that the
square of the recombination rate per FeB center determines
I'y. The cause for the deviation of FZ20 is unclear. The de-
viation of FZ1a and of the mc-Si samples is attributed to the
existence in these samples of significant other recombination
channels.

Note that the carrier lifetime is strongly injection-level

FIG. 1. Normalized FeB concentration as a function of illumination time for dependent, and therefore the excess carrier density does not
sample FZ8, for two different illumination level§:) 0.068 sun correspond-

ing to G=6xX10" cm3s™%; and (i) 0.134 sun corresponding 16=1.2
X 108 cm3 572, Inset: logarithmic plot. The dashed and dotted lines are fits
to Eq. (1), with I'y(0.068 suh=0.0075 s% I'y(0 134 sup=0.03 §%; and
[,=45x10%sL

scale linearly withG. Scaling ofl'y with G is therefore dif-

ferent from scaling with excess carrier density.

If there are other recombination chann@lefects, other
impurities, surface recombinatignthe recombination per
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100 aV Therefore, an additional “energy deposition process” was in-
3 solid line: /] . . k -
] 15 2 2 ---&-- FZ1a volved in their model. The observation of a quadratic depen-
- 11, = (5x10"s)x G’/ [FeB} /" : : . ) .
e 10* 4 2N v FZ1b dence on generation level in our experiments is consistent
2 a-- FZ4 with this interpretation. The quadratic dependence implies
< 107 ] o - FZ8 that two electron capture events are involved in FeB disso-
& 3 .~ ° Eégo ciation. A possible mechanism may be, for example, that the
L.“_uf‘ 2 o ¥ . 4 < Fe is negatively charged by two capture events, resulting in
%< 1024 % v MC1a . . )
Lo ] &/ b A MCib Coulomb repulsion of the FBg pair. An alternative mecha-
16" %a - MC1c nism may be that one recombination event is the “energy
10”" x 4 MCic* deposition process” and a second electron capture results in
] A neutralization of the ketogether resulting in pair dissocia-
Crrrne L} LB AL L] LEREL B I} llll .
10" 10" 10° tion.
G (om’s™) Kimerling and Benton observed a linear dependence of

the dissociation rate on the injected current density, between
0.1 and 1.5 A/cra This seems to contradict our experimen-
tal results. This discrepancy is presently not understood.
However, the local injection levels used by Kimerling and
Benton were very high and therefore Auger recombination
may have masked the quadratic dependd&ieser recom-

FeB center is reduced and therefore a lower dissociation rasination provides an “other recombination channel” as pre-
is expected. We describe the recombination through suciously discussed, and increases with injection lgvel any
other recombination channels by a rafg,., and the recom- case, the results presented here are more directly applicable
bination through FeB by the ratggg Table | shows for each g light-induced dissociation, which is more widely used than
sample the ratiorghe/ Teeg @t @an excess carrier dgnsjty of dissociation by current injection.

10 cmS. Indeed, when the surface recombination of |5 conclusion, we have presented results showing that
sample FZ8 was increased by corona-charging of the,$iN e FeB dissociation rate scales with the square of the carrier
reduction of the ratiorome/ 7rep from 3.4 in F228 t(2) 1.51n " generation rate, and the inverse square of the FeB concentra-
Fz8* resultgd in a reduction of'yx[FeBJ/G* from  n The proportionality constant 0f510725 s describes the

8 to 5X 107 s. Similarly, for samples MC1c and MC*,  yissociation rate well in the absence of other recombination
the absence of a surface-passivating coating decreasgfiznnels. These results show that the square of the recombi-
Totned Trep from 10 to 0.14 and drastically reducds;  paiion rate per FeB center is the determining factor for the

2 2 16 18
X [FeBJ/G* from _6XlU to.1.8>< 10 S For sample dissociation rate, which may help to elucidate the precise
FZ1a, Tomed Treg=1 is also relatively low, which may be the dissociation mechanism

reason for the low value dfyx[FeB]?/G? for this sample.
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