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Fig. 1. EBIC micrograph of a bevelled IG-
sample ( OL®™ 3.5%) taken at Eg = 30 keV
and related depth profiles of the
charge collection efficiency (o),
effective diffusion 1length L* (o) and
true diffusion 1length L (o), for
detailed information see /3/.

Fig. 3. Dark EBIC contrasts at stacking
faults and bright EBIC halo around a
point-like defect (p-type silicon, Al
Schottky diode, Eg = 25 keV).
Lp. is given by:

-2 -2 -2

g v Lok g 1)
with Lg describing the contribution of

the observed defects with EBIC contrasts
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Fig. 2. Volume defects in annealed Cz

silicon.

a) EBIC micrograph of an annealed
(p-type silicon, Al
Eog = 30 keV).

sample
Schottky contact,

b) Schematic illustration of the diffe-
rent defect types contained in a sample:
Defects having EBIC contrast (full
circles) define the diffusion-length

component Lg while point defects (points)
and extended defects giving no EBIC
contrast (open «circles) determine the
component L.

and Ly the
ding material

contribution of the surroun-
being due to point defects

and crystal defects without contrast (re-
combination background).

Lp can be determined directly by
energy-dependent charge collection
measurements 12(E°) /17.,9/., while Lg
could be estimated from contrast data
/8/:

R B
L & A qu)
E Cmax (2).
A is the average distance between EBIC

contrasts, cmqx the maximum EBIC contrast



Densely distributed EBIC contrasts

in the sample area investigated, R the positioned just above a given defect the
electron range /5/ at the beam energy Ego correction function is at its largest
used for imaging and fpmgy @ correction value fd and the contrast is given by:
factor to be calulated - for more detai=
led information on c and f see below. = )
Application of relation (2) to S X’{d (4)'
experimental data proved to yield quite
satisfactory results, €. Ges Lg>Lg in
all cases as required by (1) /8/. /d(lum‘l)
The present paper proves relation Qggl
(2) given for accumulations of EBIC
con trasts and discusses experimental in-
vestigations of closely neighboured

crystal defects in annealed Ciz sdili econ
using relations (1) and (2).

Description of the EBIC contrast
at individtial defects

- . >
The EBIC contrast function c(r) of

an isolated defect is defined by:

S 1 :
C (r) i "g_)‘ (3> a(um)
(o)

N Fig. 4. Correction factor of a point-1like
I(f) and I, are the beam-induced defect

, T3, versus defect depth, a, calcu-
currents collected at arbitrary beam lated for R =6 um, with the diffusion
position ? and at beam positions suffi- length LM as parameter, see also /12/.
ciently far from the defect, respective-

Loy Thereby, both positive (dark) and T
negative (bright) contrasts may be Fig . 4 shows an example of a correction
found in practice = see Fig. 3. factor fd of a point-like defect, for more
Positive contrast caused by enhanced detailed information see also (2.0 < At
carrier recombination at defects is the sufficiently large Ly the correction fac-
mos t important contrast type and can be tor fq becomes nearly independent of Lm
well described by existing theoretical and at R =6 Mm the maximum correction
models /2,13/. . factor becomes fmax 2 0. 027 }11‘7’1 fior a
Such positive recombination con-— defect depth of a & 4 um. Correction fac-
trasts only will be discussed below. tors for line-shaped defects, e. g«., dis-
According to Donolato /2/ the contrast locations, can be found in /4, 12/.
function due to a point-1like recombi- The EBIC seolleected near an isolated
nation-active defect in the neutral semi- defect, I(r), may be written:

conductor may be written as L1103

c(®) =y f™ 4. 1A =1,[1 -¢i®] (.

‘6" is the recombination strength of the Similarly, the EBIC obtained with the
defect (having dimension of a length in electron beam positioned above the de-
our notation) and is related to the num- fect, Iq + is given by:

ber of recombination centres, N, -at the

defect and their effective capture cross

section, @, by /11/: Id = IO[/’ = 8’.&({] (6')
D

ne = — (5)
¢ Vi

Description of densely distribilited EBIC

contrasts and their contribution to
with D being the minority carrier diffu- bulk recombination
sivity and Vip their thermal velocity.
f(-r’) is given in /2/ and represents If we have an accumulation of close-
a correction function depending on defect ly neighbouring defects the resulting
depth, diffusion length LM in the mate- EBIC signal will be, of course, influ-
rial surroundin the defect, electron enced by all of them. S0, the EBIC cur-
probe position r, and primary electron rent around a defect of strength ¥
range R. When the electron beam is located in & g¢loud of N other defects

1399
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Figs 5. EBIC distribution around point-like recombination-active defects;
a) isolated defect
b) defect with a close neighbour: (---=), (...) EBIC profiles of the two contributing
defects
(—) resulting EBIC distribution
is given by: In Fig. 7 the contrasts of these
defects as calculated from (4') are shown

X* N in dependence on defect depth, a, with
- - b P p

10—): 10{1—[X{(r)+z &«F.’(r)] (?), defect strength ¥ as parameter. The

1=1 lower curve is the curve for the minimum

defect strength min Still able to pro-

duce a visible contrast, the upper curve
Imi Eigs 5 this influence is illu- represents contrast versus depth for the
strated schematically for two closely maximum defect strength ¥ max and the
neighbouring defects, Due to the super- dashed curve is for an intermediate
position of the defect contrast functions defect strength ?S"(x) Thereby., the fol-
the EB.IE signal at the defec lowing relations hold:
position P =7 is I;* instead of Iq and
the maximum EBIC appearing between the . .
defects is Ig* instead of I. zs-'max:cr"a’f )X—m;n=m ’X(a>:.cm—'" (9)
Nevertheless, it can be shown that {max ‘me( {(a) .
for defect distances well above the elec-
tron range R and for not too large defect The shaded area in Fig. 7 defines
strengths the contrast of such defects, the portion of defects having visible
e&* , is nearly equal to the contrast c of EBIC contrast, is G, Cmin £ © £ Cpax -
an isolated defect (unpublished Defects at depth between ay and aj only
result), is: e, can be observed. The so defined informa-
tion range Aa = a, - a, depends on cpmi,
c = ¥ (8). and Cmax. With Aa<R for cmin/Crmax -> 1
and Aa > R for Cm\'n/cmax &1 ( see
This relation entitles us to treat the Figs 8)= |
contrasts as contrasts of isolated To estimate the recombination compo-
defects in  many cases of practical nent due to visible defects we treat all ‘
interest. the recombination centres located at the ’
The property c¢c © c* will be used now defects as being distributed homogeneous- j
to prove formula (2) relating the diffu- ly in the depth interval Aa in which ?
sion-length component due to EBIC con- contrasts can be observed. So we may l
trasts, LE, to EBIC contrast data (maxi- write: |
mum contrast Cmax: average distance bet-
ween contras_ts }\),. Assljlme a homogeneous 5 1 _ 1 Vih
defect density depth-distribution F(a) =l e (‘h(—;) (10)
(Fig. 6a), and a homogeneous defect- E TED Aa D 3 L
strength distribution P( ) up to a
certain maximum defect strength U'max
(Fig. 6b). as for homogeneous distributions of cen-

1400




Densely distributed EBIC contrasts

tres. (n@)y; is the product of capture
cross=-section and number of centres at
the i-th defect and the sum includes all
visible defects per unit area. As:
(116'>_.| = 8"1. —\7— , see (5),
th
the defect component of the diffusion
length Lg is simply given by:
-2 1
= — Z 11
Le - s (1)
Aa 1
with E ¢3 as strengths sum of all visib-
le defects per unit area.
F(a) 4 <L
a a
< g a)
0 aqa —
P(y)
Emin Imax
v X b)
? r
Fig. 6. Assumptions about defects;
a) depth distribution: constant defect
density (defect number per unit area and
per depth elements) F(a) versus depth a
b) strength distribution: existence of a

maximum defect Str’quth max and equal
probability P(X‘-):K‘n"u for all X between
0 and V"‘Q"‘

The shaded areas define the range of de-
fect depths and defect strengths, respec-
tively, where defects may be observed.
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Fig. 7. Schematic drawing of contrast, c,
vVersus defect depth, a, with defect
strength Kv as parameter.
.0 R = 6um

Aa Lpf100um

R 15

10

05

1

05
Cmin
Cmax

Fig. 8. Normalized depth range where
defects may beobserved,Aa/P.:(l/R)(al— ay)

1,0

versus contrast ratio C min //Crnax for
R =6 Mm and Ly = 100 um.
According to the assumed depth and

6a and b)
replaced

distributions (Figs.
of defects the sum X is now
by a double integration.Thereby defect
visibility requires contrasts larger than
Cmin @and defines the integration limits
(limits set on visibility by the spatial
resolution of the EBIC method are not
taken into account here) .We obtain:

4 Bmax
| /,
Le :ZEfF(a) fP(y)\[olx do  (12)
a Y]

strength

w




M.

where (a) = Chﬂh/f(a) is the minimum
for a given defect depth a which CH il
produces a visible contrast and ay and aj
define the depth range where contrast can
be observed (compare Fige 7)) s
Using (9), = Aa/R, and the
functions P( r and F(a) given
integration leads to the
result:

distribution
in Fig. 6
following

-1

(13).

%)
R{ _ Cei f xz
P R

this
F(a)

A
EBIC

It is, however , useful to rewrite
formula once more using instead of
the mean distance between contrasts,
which is determined directly from
investigations.

As the square of A is
inverse of the number of
per unit area we have:

a) X'max

== [F | [Pepdy |da
IR (G

= F) ﬁ’l-

defined as the
visible defects

(4).

Cn\n fm x
——;—J&—)]da

Inserting (14) into (13) we get the final
result for the diffusion length component
due to EBIC contirasits:

e
)i _fﬁﬁn max d
Lewd <ir{n:,) )Zx qa[q Crmax -F(a)] Za ).

1 .
afu [1»(a'¥%%;)]da

The ket part at
is identical with relation (2), but the
additional terms under the root introduce
corrections depending on Cin /Cmax -

the right side of (15)

This effect of the cemin /Cmax ratio
on the Lg value to be determined is illu-
strated below for two extreme cases:

(i) cmin /Cmax =0.1, i. e., very sensi-
tive EBIC detection electronics or strong
defects and

(ii) Coini /Cpax = 0.9, g (-3 poor
sensitivity or weak defects. R = 6 um and

I -

M= 100 um are assumed.

Kittler and W.
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One obtains:
. %
mi
LE( in > 18 % R{max
Cmox max

1. (16).

Cmin
Le
E Cmax

R fma,>

Crmax

0.9)= osx(

Looking at (16) one should not conclude
that Le increases with decreasing
Cmin /Cmax because at the same time the
mean contrast distance A decreases (see
formula (14)). Using (13) one finds:
min )
LE ( Cmax = 0‘9
Cmm
Le = 0. 1)
“Crmax
for R =6 um and Ly = 100 um. So we see

that Lg depends weakly on the sensitivity

of the electronics used.

The above results allow one to con-
clude that relation (2) may be used for a
rough estimation of Lg, especially for
usual  Cppipy /Cengx ratios. Improvements of
the estimate are possible when applying
formula (15).

Dependence of bulk diffusion length on

mean distance between EBIC contrasts

average bulk diffu-
mean distance

Fig. 9 shows the

sion length, Lp s vVersus

b

between EBIC contrasts, as calculated
for an electron range R = 6 um from (1)
and (2). The diffusion length, Lp , ari-
sing from the recombination background
and the maximum EBIC contrast, c i max . are
taken as parameters. 1) Lm > ®
(background recombination missing) Lg
is seen to increase linearly with A
with a slope determined by the value of
the EBIC contrast cmax For finite L
(existing recombination background), on
the other hand, Lg > Lm is found for
large A

Experimental investigations on densely
distributed EBIC contrasts in annealed

Cz silicon and discussion

Cz silicon
characteristics

different
following

Many
of the
studied:

p-type.,

samples
were

boron-doping, & =10...20 ohmxcm,
76  mm or 100 mm in diameter, (100) or
(111) orientation, different contents of
metallic impurities like Fe, Cu, _ﬁu,
different oxygen cantent (5...10 x 10
cm—3), different heat treatments for IG
(multistep heat treatments or ramping for
nucleation, see e. g. /15/)




‘ Densely distributed EBIC contrasts
|

a sufficiently large area. The measure-
ments were performed in bulk regions of
constant density of EBIC <contrasts, as
for z 2 150 um in Fig. 1. Thus, a homo-
geneous defect-density depth-distribution
F(a) could be assumed.

The maximum contrast values Cpygy
were near 0.3 in many cases. The size of
the defects showing EBIC contrast was
determined by TEM to be in the range of
1 um or less so that they could be consi-
dered as being small compared to R and
treated as point-like defects. Thie bulk
diffusion length Lpg was determined from
energy-dependent EBIC measurements /9/.

The measured data (crosses) are
shown in Fig. 9. For both calculated
curves and measured data Lg increa-
ses with A . More detailed information
about two typical samples denoted A

and B is given in Table 1.
(i) It is found that the total defect
density obtained by etching ( Ngp + Ngg

Fig. 9. Bulk diffusion length Lg versus - o @) is considerably larger than the
mean distance A between EBIC contrasts: density of defects giving EBIC contrast
Calculated curves for R =6 pMm (e €a3 NE s but Ngg and Ng are usually in the
Eo ™ 28.5 keV corresponding to /5/) with same order of magnitude.

EBIC defect contrast, Crmax + and diffu- (ii) In sample A Lg L Lm iis obiser=
sion-length component of the recombina- ved, i. e., the dominant source of bulk
tion background, Ly, as parameters, toge- recombination are defects showing EBIC
ther with data measured at Eo==30 keV (+) contrast, probably stacking faults (SF).
- for discussion see below. Sample B has Lg ® Ly . again indicating a

significant contribution to bulk recombi-
nation by defects with EBIC contrast.

The EBIC investigations in the (iii) The diffusion length between the
volume of the sample were carried out contrast sites, LM , 18 estimated to be
either on bevels or after sufficient smaller than the diffusion length in the
surface removal by etching. Al Schottky denuded zone Lpzp for both samples.
contacts were used for charge collection. In the light of our results de-
A and cCypgx Were determined for a beam fects showing EBIC —contrasts, i. €
energy E, = 30 keV thereby averaging over mainly SF, are the essential sources of

Table 1. Characteristics of samples A and B as obtained by etching and EBIC

sample Wright EBIC calculated®
etching using (1)and(2)
Nop NsF Mg max Le Loz LM “e
(cn3) (cm?) (cm3) (um) (um) (um) (um)
10 9 9
A 10 6x10 3x1 0 0.3 545 30 14 6.3
B 109 1x108 2x108 6.3 14 30 20 20
NOP ) NSF : densities of oxygen precipitates (OP) and stacking faults (SF), respecti-
vely, determined by Wright etching,
Ng ¢ density of EBIC contrasts at E, = 30 keV,
LJ)2 : diffusion 1length in the denuded zone of the wafer determined by the

method given in /3/.

* Lg was calculated by relation (2) using flﬂax(LM =100 um, ...) = 0.027/um'1 for both
samples. Ly = 20 um was found for sample B by inserting Lg = 20 um and Lg= 14 um in

relation (1) resulting in a slightly reduced fyygy value only, compare Fig. 4. For
sample A, however, with Ly = 11 um the corresponding value f mgy(Lp =11 um, o tatiet) B
0.025 }m*1 is smaller. Consequently a correction of fpygx Would result in a small

decrease of Lg but in an increase of Ly . For considerably smaller Lp values such
corrections could be of more significance.
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bulk recombination in
tered p-type Cz
bination activity
precipitates decorating
dislocations. In contrast to /6/ indivi-
dual oxygen precipitates (OP) cannot be
considered to play the dominant role in
bulk recombination although they might be
responsible for the enhanced recombina-

intrinsically get-
silicon. Possibly, recom-
of SF is caused by
the Frank partial

tion background in the bulk as compared
to the recombination in the denuded
zone (LM < LDi)' Dominant OP re;ombina—
tion seems to be rather confined to
samples4zwith 13\/ery 3high opP densities
NOPAJlo P ¢ | cm™ /6/ produced by
long-duration heat treatments not typical
of normal IG procedures.
Conclusions

In conclusion w2 can state that a
detailed analysis of EBIC diffusion-
length and contrast data allows one to
estimate to which extent the average
diffusion length is determined by
recombination-active defects showing EBIC
contrast, and may be used to identify
essential sources of bulk recombination

in annealed silicon. Investigations on

the relationship between diffusion length
and defect densities as found by EBIC
have been carried out earlier by various
authors /1,7,14/, but without considering
the values of the EBIC contrastss

Taking into account also the EBIC
contrasts of the defects, i€, their
respective recombination strength, we

were able to get an improved description
of defect accumulations and their effect
on recombination properties.

Further improvements might be
possible by utilizing the whole EBIC
distribution in the area where the
diffusion 1length is measured, requiring
additional efforts for image analysis;,

however.
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Discussion with Reviewers

C. Dimitriadis: You determined Lg from
energy-dependent charge collection measu-
rements 12(E°) of Schottky barriers. 1In
this method various parameters are invol-
ved. Some of the parameters of the me-

thod, beam penetration depth (-g ) for
instance, are not well known. In a paper
from Watanabe et al . (IEEE Trans.
Electr. Dev. ED-24, 1172, 1977) 1 cal-
culate ﬁ ~ 2.9 ,um at E, = 35 keV,
whereas in a paper from Valkealathi and

Nieminen (Appl. Phys. A 32, 95, 1983) two
sets of parameters for the equation g =
ol (Eq ' are cffered, yielding g = 3.9 um
and (g =4.3 um at E, = 35 keV, respec-
tively. How do errors in these parameters
affect the values of Lg obtained from
measurements by the method and, also, the
conclusions concerning the identification
of the essential sources of bulk recombi-
nation in the material?

Authors: Some discussion concerning the
influence of errors in the collectian
efficiency and of errors in other para
meters on the diffusion length L has been
published, see M. Kittler, W. Sei-
fert, Ks:=We Schroder; E: Susi in Crystal

Res. Technol. 20, 1435 (1985). As to the
particular effeect of errors in beam pene=
tration, it is clear that larger (smal-
ler) values for the electron range R
would result in an overestimation (under-
estimation) of L

In our analysis of the experimental
Q([o ) data (see text reference /9/) we
describe the beam penetration by expres-
sions published by Everhart and Hoff (see
text reference /5/). At E. = 35 keV, for

o
instance, one obtains
15

R = 0.0171 x 35 pam X2 8.6 um.
This description coincides quite well
with new results on beam penetration
in gilicon. see U. Werner, Fae Kotchs
G. Uelgart in J. Phys. D: Appl. Physics
21, 116 (1988).

o Furthermore, a good correspondence

is found between L values obtained from
spatial decay measurements Igg)c (x) and
L values determined by M(Eg ) measure-
ments (M. Kittler, W. Seifert, H. Richter
in Izv. AN SSR, Seria Fizicheskaya 51,
155 (1987)). Consequently the Lp values
given in this paper seem to be reliable
so that no problems concerning
identification of the essential sources
of bulk recombination are expected.

J. Heydenreich: The suggestion of the
authors to regard the average bulk diffu-

sion length (LB) to consist of a contri-
bution y point defects and crystal de-

fects without EBIC contrasts (LM) and a
contribution by the observed defects with
EBIC ~contrasts (Lg) seems to be a useful
proposal of a classifications In prac-
tice, however, difficulties may arise
with the question to what extent a defect
(crystal defect) exhibits an EBIC con-
trast ; or nat , depending both on the
defect type and on the experimental mea-
surement technique used. To avoid arbi-
trariness in the classification, additio-
nal criteria should be taken into ac~
count. What are your suggestions with
respect to this?
Authors: Some

classification

arbitrariness in defect
may be due to the minimum
contrast  min st ild detectable which is
mainly determined by the sensitivity of
the EBIC electronics used, see e. Gie 4
text reference /11/. However, C min has
small influence to Lg only, so that rela-
tion (2) (not containing Cmm) can be
used in practice for Lg determination.
Consequently no additional criteria are
needed for samples with contrast values
well above Cma

x°

D. Toannou: The analysis provided in this
paper rests on the equality of the two
contrasts c and c* (eq. 8). This equali-

ty., however, is not obvious, and the
authors are asked to justify it at some
length.
Authors: The definition of c* is
I*
% d
"= 4~ (D1)

where 1jf
(7). @8z

ID = To (1- ¢ fd) (v2)
If =1, (1 -\H:)

and I can bhe written, see eq.

(D3)

with
* s 3
= .5 = +
oty E Bty oty 00
Using fg = fq +Afy for (D2), and taking

into account that

(-yfamvaf) e (-3l (1-vAR)

one obtains

IZ{ & T, (- yf,) (1- yaf) (p5),
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Inserting relation (D3) now in (D5)

gets

e -1 {{d) *
(']'X“{o)
From numerical calculations M is found to
be close to 1 at defect distances A > 2R
and for small values. (For defects ar-
ranged as a cubic lattice, R = 6 am ,
and Ly = 100 um this is true for defect
striengths X‘<1J pmm o which correspond to
EBIC contrasts ¢ < 0.3.) Using M ¥ 1 one
obtains (D6) after permutation

*

L4

R
(4]

c =% fq and

(8) «

=I¥(-yfa)M (06).

from

\“d ~ (D7).

considering

result ¢ & c*

Finally, (DL

have as

we

C. Dimitriadisi Based the assumption
of homogeneous defect density depth=
distribution it is concluded that, fOF
closely neigboured defects and for usual
Crin /Cmax ratios the relation (2) may be
used for estimation of Lg . Is the above
conclusion still true if the defect den=
sity depth—distribution is non-homoge-
AgouE 2

J. Heydenreich: The assumption of
per that with respect to visible
all recombination centres located at
defects are homogeneously distributed
used as a simplification For the ecalcu=
lations. Did you also employ other
or less idealized) assumptions of
simplification yiour results?
Authors: The estimation of
nent is based the important assumption
that the effect of recombination-active
defects be approximated by recombina-
tion at homogeneously distributed recom-
binatien centres. However, this
tion shoeuld become progressively unreal
for increasing distances between the
defects and for pronounced defect depth-
profiles. So it is not possible to defi-~
nitely answer the question about the in-
fluence of non-homogeneous depth distri-

on

the pa-
defects
the
was

(more

this
on
the Lg compo~
on

can

assump-

butions up to now. Therefore, numerical
calculations should be made, comparing
the mean EBIC signal in a given area
obtained for centres concentrated at
individual defects with the EBIC calcu-
lated for an identical number of centres
but being homogeneously distributed under

the regarded area.
Dimitriadis: The authors should dis-
the following point: According to
analysis the range of depth ( Aa)
defects can be detected is related
to the electron range R (see Fig. 8). For
defects of high contrast (cmm /Cmax K1)
Aa >R, 1i. e., by increasing the elec-
tron range R the information range Aa
increases. On the other hand, the EBIC
resolution is only determined by the

Gy
cuss
the
where

M. Kittler and W.

1406

Seifert

generation volume (C. Donolato, Appl.

Phys. Lett. 24, 80, 1979). Therefore, an
appropriate electron beam energy should
be used to achieve good resolution and
obtain large information range Aa.

Authors: It is true that EBIC resolution
and consequently smallest measurable A

values are determined by the beam energy
Eo or the electron range R, respectively.
For Eo = 30 keV the smallest A values
measured are in the range of R & 6 _um,
compare Fig. 9. Wnen decreasing R, both
A and Aa decrease and the information
range moves towards the Schottky deple-
tion-region. Withcontinuous reduction of
R, information range and depletion region
begin to overlap partially. Our estima-
tions based on Donolato's contrast model
(see text reference /2/) become wrong
then, because this model does not consi-
der defects inside the depletion-region,

where drift processes are dominant.

In silicon having a resistivity of
10...20 ohmxcm, as used in our experi-
ments, the depletion-1layer width is
around 0.5 pm. Under these <conditions,
wse of at least Fo=330 keV or R &6 pam,
respectively, for measurements permits to
neglect depletion layer effects. Larger
beam energies could be used for samples
having sufficiently large A values.
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