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Whole Pow der Pat tern Mod el ling (WPPM) has been ex -
ten sively used for nearly two de cades in the char ac ter iza -
tion of nanocrystalline and plas tic ally de formed ma te ri als,
to gather in for ma tion on crys tal line do main shape and size
dis tri bu tion, and on the na ture and amount of lat tice de -
fects, with spe cial in ter est to those gen er at ing inhomo -
geneous strain fields [1,2]. In time the WPPM ap proach has 
been com pleted by a va ri ety of microstructural mod els,
with due con sid er ation of dif fuse scat ter ing from static and
dy namic dis or der (Tem per a ture Dif fuse Scat ter ing, TDS).
The pres ent talk re views ba sic the ory and ap pli ca tions, in -
tro duc ing the lat est WPPM al go rithm, adopted by the
x-Dream soft ware. Sub stan tial im prove ments in clude
struc tural mod els, as in Rietveld re fine ment, which add to
the microstructural ones; de tailed in for ma tion on re sults
and prog ress of the WPPM pro ce dure are made vis i ble di -
rectly in the user in ter face.

Among the lat est re sults which will be pre sented, the
grow ing in te gra tion be tween atomistic mod el ling, mostly
based on Mo lec u lar Dy nam ics sim u la tions, and WPPM.
This com bi na tion is es pe cially use ful to un der stand how
lat tice de fects – most re mark ably, line de fects and grain

bound aries – con trib ute to the inhomogeneous strain and
con se quent line pro file ef fects [2,3]. More re sults are pre -
sented on pow ders made of free-stand ing nanocrystals, as
com monly pro duced and used in mod ern nanotechnology,
e.g., for ca tal y sis and bio med i cal ap pli ca tions. 
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Frank-Read sources in Si as well as ther mal slip move in a
duc tile re gime of the crys tals at a speed in the or der of mag -
ni tude of 10-5 – 10-6 m/s. In X-ray dif frac tion im ag ing, ef -
fects with a speed up to about 10-3 m/s are eas ily ac ces si ble
[1]. In the brit tle re gime, the same driv ing forces may re sult 
in frac ture of a crys tal with a crack tip speed up to 3600 m/s
where the ex per i men tal ob ser va tion in real time be comes a
chal lenge. In this pa per we will be dem on strate, how the
time struc ture of a bril liant syn chro tron light source like
ESRF, Grenoble, France can be used to fol low ul tra high
speed events to wards a time scale of less than mi cro sec -
onds [2]. In the so called four-bunch mode, only four
highly pop u lated elec tron bunches are used in the stor age
ring, sep a rated from each other by a tem po ral de lay of
around 700 ns. The high est crack tip speed of 70 m/s is re -
cently mea sured with a high-speed CMOS-based cam era
sys tem pro vid ing frame rates of about 355.000 frames/sec.
Based on a frame-trans fer CMOS con cept, such de tec tor
can op er ate at frame rates of up to 10 000 000 im ages per
sec ond: with a pixel size of about 40 µm it would al low one
to fol low cracks in real time up to a speed of 2000 m/s. 

The ex per i ments pre sented in this pa per are per formed
on (001) ori ented Si slices with ar ti fi cial start ing de fects,
done with an in den ta tion method. At about 1100 °C, the
slices are quenched by a wa ter jet to pro duce enough ther -
mal stress for crack for ma tion and prop a ga tion. With 2 fast
cam era sys tems and ac qui si tion rates of about 35 500 im -
ages per sec ond the di rect and dif fracted im age of a crack
can be fol lowed in par al lel. Fig. 1 shows the start ing in dent

in frame 210 and the ap pear ance of the first crack c1 be -
tween frame 308 - 311, cov er ing 84 µs. In for ma tion about
the ge om e try and speed of a crack can be taken from the di -
rect im age from phase con trast, whereas the re lated lo cal
strain vari a tion be comes vis i ble in the 220 re flec tion. In
this way and within about 42 ms a com plex crack pat tern of
five cracks c1 - c5 orig i nates from the in dent, as shown in
Fig. 2, frame 1495. Un til frame 3000 the cracks elon gate
with vary ing strain fields and var i ous crack tip ve loc i ties.
Care ful anal y sis in di cates, that the de flec tion of the crack
face into var i ous high in dexed, (hkl) planes is cor re lated
with the short ar rests of some mi cro sec onds of the crack
tip. Ob vi ously the lo cal pile up of en ergy dur ing the ar rest
al lows to open the higher en ergy (hkl) faces. An ir reg u lar
frac ture re sults in stead of a mir ror like cleavage along the
preferred low energy {111} or {110} planes as expected in
the diamond structure. 

Slow mo tion mov ies show this ir reg u lar crack prop a ga -
tion di rectly in phase con trast and in dif frac tion the re lated
changes in the strain field.  
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Fig ure 1. Be gin ning of high speed X-ray im ag ing of Si (100) wa fer at about 1000 °C: (a) 220 Re flec tion (b) Ra di og ra phy (phase

con trast), both 1.28 ms in te gra tion time and  28 ms frame dis tance: Frame 210: in dent marked by cir cle, Frame 308: lo cally quench -
ing with a wa ter jet (w) pro duces a strain field,  Frame 311: 84 µs later the first crack c1 mod i fies the strain field (marked by el -
lipse).
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Fu ture in te grated chip man u fac tur ing must en com pass
com plex chip sys tems ca pa ble of di verse func tion al ity and
ap pli ca tion, so-called “More than Moore” man u fac tur ing.
Such sys tems in clude Mi cro-Elec tro me chani cal Sys tems,
Sys tem in Pack age, Sys tem on Chip and 3-D In te grated
Cir cuits, re ferred to col lec tively as “ad vanced pack ages”.
This tech nol ogy re quires pro cess ing of thin semi con duc tor
die (25-100µm thick ness) and many pack ages in clude mul -
ti ply-stacked sil i con die. A re cent re view [1] re vealed that
none of to day‘s com mer cially avail able me trol ogy tools is
ca pa ble of mea sur ing, in situ and non-de struc tively across
an en tire die, the na ture and scale of wa fer/die strain or
bow/warpage. Many tech niques are de struc tive and those
that are non-de struc tive tend to mea sure the pack age bow
which, cru cially, is not the same as wa fer/die bow. 

We have dem on strated that X-Ray Dif frac tion Im ag ing
(XRDI) us ing B-Spline fit ting tech niques (B-XRDI) is ca -
pa ble of non-de struc tive, in situ map ping and anal y sis of
ma jor die warpage fea tures in fully en cap su lated ad vanced
pack ages [2-3]. We de scribe how B-XRDI al lows the user
to re con struct, from the im age dis tor tion of a se ries of sec -
tion x-ray top o graphic im ages, a full pro file of the warpage
of the sil i con die in side such a chip pack age. There is no re -
quire ment for pre-treat ment or pre-pro cess ing of the chip
pack age. We have used the tech nique to dem on strate the
im pact of el e vated tem per a ture on a com mer cially sourced
mi cro quad flat nonlead (uQFN) chip pack age and have
shown that the strain be comes locked in at a tem per a ture
be tween 94°C and 120°C [4]. Us ing syn chro tron ra di a tion
at the Di a mond Light Source, warpage maps for the en tire

2.2 mm × 2.4 mm × 150 mm Si die were ac quired in 50 s and 

Fig ure 2. Con tin ued high speed X-ray im ag ing of Si (100) wa fer at about 1000 °C from Fig. 1 (a) 220 re flec tion (b) Ra di og -
ra phy (di rect im age, phase con trast): Frame 1495 af ter 42 ms: cracks c2, c3, c4 and sur round ing strain, ar row in di cates tip of 
crack c3, Frame 3000 af ter about 0.1 s: last crack c5, tip marked by arrow.



in di vid ual line scans in 500 ms. Warpage in mul ti ple die
pack ages (Fig1) has been mea sured.

We pres ent ex am ples of warpage mea sure ment in sev -
eral com mer cial chip pack ages and by mea sur ing the im age 
dis place ment as a func tion of de tec tor dis tance and at sev -
eral wave lengths, tilt and strain have been de ter mined in de -
pend ently. The data have been shown to be in good
agree ment with warpage in test struc tures de ter mined from
mechanical profilometry. 

Us ing a mono chro matic beam, the warpage data can
also be col lected by re cord ing trans mis sion X-ray topo -
graphs at dif fer ent an gu lar po si tions across the rock ing
curve. Due to the wa fer de for ma tion, a nar row stripe of in -
ten sity only is im aged for any one an gle (Fig 2). Ad di tion
of se quen tial stepped im ages cre ates the “ze bra pat tern” of
Renninger [5] and this di rectly rep re sents con tours of ef -
fec tive misorientation. In this mode, strain sen si tiv ity is
lim ited by the X-ray op tics. We have shown that sta tis ti -
cally good data can be taken in trans mis sion on sin gle chip
pack ages at 24.25keV (Fig 3), close to the wave length of
the AgKb line. The to tal data col lec tion time for the 20 im -
ages in Fig 3 was 75 sec onds at B16 of the Di a mond Light
Source. By com par ing 220 and  re flec tions, we show that

the de for ma tion is al most sym met ri cal on 90° ro ta tion
about the [001] sur face nor mal. Re ver sal of the en trance
and exit sur face re sults in sim i lar pat terns but with dis -
place ment of suc ces sive im ages in op po site di rec tions.
Con tour analysis between these settings provides a means
of separating tilts and dilations.

We com pare the two ap proaches to warpage mea sure -
ment in pack aged die and ex am ine the pos si bil i ties and
chal lenges of con vert ing the tech niques into an in-fab tool.
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Fig ure 1. White beam sec tion topographs of a pack age con tain ing 4 stacked Si die. The 3 top dies are 5 mm ´ 5 mm ´ 50 mm

thick, while the bot tom die is 8 mm ´ 8 mm ´ 200 mm thick. 

Fig ure 2. Im age from a dis torted (001) ori -
ented uQFN die taken in trans mis sion with a
wide area mono chro matic beam. 

Fig ure 3. Summed mono chro matic topographs taken at equal
steps across the rock ing curve for a pack aged uQFN die. Ad -
he sive is ap plied at the four cor ners of this die prior to en cap -
su la tion. 220 re flec tion.

http://www.sciencedirect.com/science/journal/00262714/59/supp/C
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Re cently, X-ray dif frac tion laminography (XDL) has been
de vel oped and suc cess fully ap plied to the 3D im ag ing of
dis lo ca tion net works in side large monocrystals like e.g. in -
dus trial sil i con wa fers [1]. Sim i lar to X-ray topo-to mog ra -
phy [2] and re lated elec tron tomographic ap proaches [3],
XDL is based on the ac qui si tion of top o graphic (i.e. Bragg
dif frac tion con trast) pro jec tion im ages of the in ves ti gated
crys tal vol ume dur ing its ro ta tion about a se lected re cip ro -
cal lat tice vec tor. The av er age dis tri bu tion of the lo cal re -
flec tivity (for suit able con trast con di tions in creased close
by crys tal de fects like dis lo ca tions) can then be es ti mated
by means of 3D laminographic re con struc tion with suit able 
al go rithms. In many cases, this en ables the de ter mi na tion
of the spa tial dis lo ca tion ar range ment with few micro -
metres pre ci sion. 

It turns out, how ever, that few dis lo ca tion seg ments
with cer tain con fig u ra tions of lo cal line di rec tion l, Bur gers 
vec tor b, dif fract ing re cip ro cal lat tice vec tor hhkl, and di rec -

tion kh of the dif fracted beam, can not be lo cal ized in side
the re con struc tion vol ume in this way. In the sim plest case,
this is due to the well-known ex tinc tion rule for van ish ing
or re duced top o graphic con trast of dis lo ca tions (ba si cally
b.hhkl = 0), i.e. the de fects are al ready not suf fi ciently vis i -
ble in the en tire pro jec tion data in the first place. But, more
in trigu ingly, in some cases only the paths of par tic u lar dis -
lo ca tion seg ments can not be de ter mined, de spite these be -
ing clearly vis i ble in most pro jec tions. Up to now, this
ef fect has not been un der stood. 

We will re port on our re cent in ves ti ga tion of the X-ray
dif frac tion con trast of dis lo ca tions dur ing XDL mea sure -
ments, us ing lin ear elas tic ity the ory [4]. We will show that
for pro jec tion ac qui si tion with both full ex ci ta tion (e.g. by
white beam) and so-called weak-beam con di tions [5] an a -
lytic ex pres sions can be de rived for the size of the ex cited
crys tal vol ume Vd per dis lo ca tion line length, in de pend -

ence of the pro jec tion an gle f, see Fig. 1 and Fig. 2. Based
on this, we will for mu late a new ex tinc tion rule, which cor -
rectly pre dicts the in ac ces si bil ity of a cer tain class of dis lo -
ca tion seg ments. For the fu ture this will al low a more
care ful in ter pre ta tion of dis lo ca tion ar range ments de ter -
mined by any pro jec tion based 3D dif frac tion im ag ing.

Fig ure 1. Nu mer i cal sim u la tion of the ef fec tive misorientation 

d(x1,x2) of the dif fract ing lat tice planes close by a dis lo ca tion in 

sil i con, for dif fer ent view an gles  f  dur ing ro ta tion about the re -
cip ro cal lat tice vec tor h-2-20. Line di rec tion is l = e3 = [01-1], the
Bur gers vec tor is b = a/2[101] and E = 40 keV. The cor re spond -

ing ex cited crys tal re gions Vd for a fixed in ter val Dd are in di -
cated as blue ar eas.

Fig ure 2. Fully an a lytic cal cu la tion of the ex cited crys tal vol ume 

per line length  Vd (fixed Dd, the same as for Fig. 1), in de pend -

ence of the ro ta tion an gle f. Three line di rec tions l are com pared
(blue cor re spond ing to Fig. 1), re veal ing sig nif i cant dif fer ences.
From the un der ly ing an a lytic ex pres sions an ex tinc tion rule can
be de rived, pre dict ing the fail ure of dis lo ca tion path de ter mi na -
tion by 3D re con struc tion from pro jec tions.



Ó Krystalografická spoleènost

214 XTOP 2016 - Ses sion 3 Ma te ri als Struc ture, vol. 23, no. 2 (2016)

1. D. Hänschke, L. Helfen, V. Altapova, A. Danilewsky, T.
Baumbach, Appl. Phys. Lett., 101, (2012), 244103. 

2. W. Lud wig, P. Cloetens, J. Härtwig, J. Baruchel, B. Ham -
elin, P. Bastie, J. Appl. Crystallogr., 34, (2001), 602-607. 

3. J. S. Barnard, J. Sharp, J. R. Tong, P. A. Midgley, Sci ence,
313, (2006), 319. 

4. J. P. Hirth, J. Lothe, The ory of dis lo ca tions. New York:
MacGraw-Hill. 1968. 

5. A. Authier, Dy nam i cal the ory of X-ray dif frac tion. Ox ford:
Ox ford Uni ver sity Press. 2002. 

The pre sented work is par tially funded by the EU-FP7 pro -
ject No. 216382 SIDAM and by the Ger man Fed eral Min is -
try of Ed u ca tion and Re search by the grant 05K14VKA
STROBOS-CODE. We thank for the sup port and valu able
con tri bu tions by all mem bers of these col lab o ra tions as
well as by the staff of IPS, LAS, and IBPT/ANKA.

C10

COMBINING QUALITATIVE AND QUANTITATIVE DIFFRACTION TOPOGRAPHY AT
THE ESRF TO CHARACTERISE PV SILICON AND DIAMOND CRYSTALS

T. N. Tran Thi1, V. A. Oliveira2, D. Camel2, S. Connell3, D. Caliste4, D. Eon5, 
J. Härtwig1, T. Lafford6, J. Baruchel1 

1Eu ro pean Syn chro tron Ra di a tion Fa cil ity (ESRF), BP 220, 38043 Grenoble, France
2INES, CEA, Le Bourget du Lac, F-73000, France

3Uni ver sity of Jo han nes burg, Auckland Park, South Af rica
4L Sim, MEM, UMR-E CEA/UGA, INAC, Grenoble F-38054, France

5Institut Néel, CNRS, Grenoble, France
6IBEX In no va tions Ltd., NETPark, Sedgefield, TS21 3FH, UK

.
The need for high qual ity di a monds, for elec tron ics, de tec -
tors and X-ray op tics pur poses, and for “in ex pen sive, re -
duced-de fects” sil i con for pho to vol taic (PV) pur poses, has
strongly pro moted the use of X-ray Bragg dif frac tion im ag -
ing (“X-ray to pog ra phy”) tech niques to study their de fects. 
This led us to de velop, at the ESRF, en hanced ca pa bil i ties
in the port fo lio of Bragg im ag ing tech niques we now pro -
pose. This in cludes some au to ma tion, and a new diffracto -
meter on the BM05 beamline. Within this port fo lio,
pro jec tion and sec tion white beam to pog ra phy and mono -
chro matic Rock ing Curve Im ag ing (RCI) [1] are mostly
used to qual i ta tively and quan ti ta tively char ac ter ise the
crys tal line qual ity, in de pos ited lay ers, deep bulk struc tures 
and the in ter face be tween them, with an an gu lar pre ci sion
in the µrad range and a spa tial res o lu tion in the µm range.

Di a mond ex hib its many at trac tive prop er ties for elec -
tronic and de tec tor ap pli ca tions (wide band gap, high mo -
bil ity of charge car ri ers, high elec tric field break down
strength and ther mal con duc tiv ity). In ad di tion, di a mond,
be cause of its ther mal and X-ray trans par ency prop er ties, is 
a ma te rial of choice for diffractive and re frac tive X-ray op -
tics [2]. High volt age di odes and FET switches are based
on Bo ron- and phos pho rus-doped di a mond, these de vices
be ing ex pected to ef fi ciently com mute high power at high
fre quency. But their per for mances are a func tion of the
crys tal line qual ity, and the ma te rial avail able from com -
mer cial sup pli ers cov ers a wide va ri ety of qual i ties and
prices. Fig ure 1 shows ex am ples of top o graphic im ages
made at BM05: the high qual ity type-IIa di a monds (Fig. 1
iii and vi) dis play ar eas of the (001) growth sec tor that are

Fig ure 1: White beam topographs of dif fer ent sin gle di a mond plates char ac ter ized at BM05 
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al most dis lo ca tion-free, with only a few stack ing-faults
vis i ble. The dis lo ca tion den si ties of ‘low grade’ com mer -
cial di a monds (im ages i, ii, iv and v) are in the 103-104cm-2

range. The crys tal line qual ity of a bo ron-doped layer
grown onto a di a mond plate was quan ti fied via sec tion RCI 
mea sure ments (FWHM maps). It shows that the dis tor tion
of the bo ron-doped layer (FWHM > 3.5 10-3 de grees) is
much higher than that of the sub strate bulk (FWHM ~2.4
10-3de grees). But at ten tion should also be paid to the de -
fects that ex ist in the di a mond sub strate it self (dis lo ca tions,

stack ing faults, growth sec tors, and (sub-) sur face dam age
from pol ish ing pro cesses), these de fects be ing of ten det ri -
men tal for the fi nal elec tronic per for mance.

Sil i con is to day the most widely-used ma te rial for PV
ap pli ca tions. Both the qual ity of PV-Si sub strates and the
prep a ra tion of the de vice, strongly in flu ence the PV ef fi -
ciency and price of the so lar-cell. We have there fore stud -
ied both the growth of “mono-like” Si (less ex pen sive than
Cz Si, but suf fi cient qual ity for PV ap pli ca tions) and as -
pects of the cell pro cess ing (Al back electrical contacts).

The “mono-like” Si is grown by di rec tional so lid i fi ca -
tion, on a se ries of seeds lo cated at the bot tom of the cru ci -
ble. Dis lo ca tion sources, lead ing to a dis lo ca tion multi -
plication very det ri men tal for the PV ef fi ciency, oc cur dur -
ing growth, both at the level of the junc tion of the seeds [3]
or higher in the in got through the pil ing up of dis lo ca tions
be long ing to sev eral glid ing sys tems [4]. These two mech a -
nisms have been widely stud ied through white beam and
RCI measurements.

The dis tor tion and strain of the Si in con tact with the Al
back layer have been char ac ter ised by cou pling RCI sec -
tion to pog ra phy with X-ray nano-dif frac tion mea sure -
ments (at ID01). The re sults show a cor re la tion be tween the 
lat tice dis tor tion of the Si in con tact with the eutectic and
Al lay ers, and the PV ef fi ciency. This dis tor tion, and the
PV per for mances, vary as a func tion of the Al paste used.
The higher PV ef fi ciency (“good” paste) ap pears to be as -
so ci ated with a higher ho mo ge ne ity of the eutectic layer
and, con se quently, a lower dis tor tion of the Si back sur face
re gion (Fig.2). The dif fer ence be tween the var i ous com -
mer cial pastes rests on the amount of Al, Al grain size, and
their pre cise com po si tion. We de ter mined some of the
char ac ter is tics of a “good Al paste”, a cru cial in gre di ent for 
pro duc ing ef fi cient so lar cells.
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Figure 2. 220 sec tion FWHM maps (in de grees) of
mono-like Si, with Al back-planes made from three dif fer -
ent Al pastes. The face with the Al back plane is on the
right of the im age. The Al back plane pro duces an in -
creased dis tor tion of the Si 220 planes, higher than the one
as so ci ated with the mono-like Si de fects formed dur ing the 
growth (vis i ble within the bulk of the sam ple). The dif fer -
ent Al pastes pro duce dif fer ent ef fects: the Si 220 FWHM
val ues vary sig nif i cantly when go ing from the Al paste 1
(“good” pho to vol taic ef fi ciency, less dis tor tion of the Si
wa fer, FWHM val ues ~ 2x10-3 de grees) to, Al paste 3
(“less good”, FWHM misorientations of the Si wa fer up to
8x10-3 de gree).


