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Th e e˜e ct s of var ious hi gh te m perature {pressure treatme nts in C zochra l-
ski gro wn silicon (C z{ Si) implante d w ith 130 keV hydrogen to the dose of

4 È 10
1 6 cmÀ 2 w ere investigated using synchrotron X -ray top ographic meth-

ods and ro cking curve measurements . The high temp erature À pressure pro-
cesses included 10 h annealin g at 450£ C, 650 £ C , and 725£ C at argon pressure
12 kbar and 1 bar. The top ographi c investigations w ere perf ormed w ith pro-

j ection and section metho ds in back- reÛection and transmission geometry . I t
w as found that anneali ng resulted in signi Ùcantly reduced strain induced by
the implan tation, w hich became undetectabl e with presently used very sensi-

tive synchrotron arrangement. A signiÙc ant di˜erence betw een the C z{Si :H
samples annealed at high and atmospheric pressure w as observed. In the Ùrst
case a distinct top ographi c contrast attributed to the formation of compar-
atively larger inclusi ons was observed. This e˜ect w as di˜erent at di˜erent

temp eratures. T he samples annealed at enhanced pressure w ere more uni-
form and often pro duced signiÙca nt interf erence e˜ects.

PACS numb ers: 68.55. {a, 61.46.+ w

(239)
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1. I n t rod uct io n

The defects induced by hydro gen im planta ti on to sil icon can underg o to
di ˜erent tra nsform ati ons in the course of therm al anneal ing perform ed at var-
ious pressure and tem perature condi ti ons. The studi es of impl anta tio n-induced
defects seem to be interesti ng both in cogni ti ve and practi cal aspects connected
wi th di ˜usi on and aggregati on of hydro gen, leadi ng Ùnally to the form atio n of
nano-dim ensional hydro gen incl usions and further spl itti ng of the shot- thro ugh
layer from the substra te. The last e˜ect is wi dely used in so-cal led \ smart- cut "
techno logy.

Enha nced hydro stati c pressure (HP) up to 1.2 GPa of argon am bient at
anneal ing (hi gh temperature (HT), at up to 1000 K) of 130 keV hydro gen H+

2

im planted sil icon to the doses up to 4 È 1 0 1 6 cmÀ 2 resul ted in suppression of hy-
dro gen out- di ˜usi on and in stress stim ulated creati on of smal l defects. Some of
these defects may act as therm al donors. Thi s trea tm ent also resul ted in photo lu-
m inescence(PL) at inf rared, peaki ng at about 0.8 eV [1]. The tra nsmission electron
m icroscopy (TEM) indi cated tha t the HT { HP trea tm ent of Si:H caused a creati on
of dense array of cl usters and voids in the area corresp ondi ng to the hydro gen ion
pro jected range [2], analogous to the defects detected in nanostructura l porous sil-
icon. Sil icon im planted wi th 24 keV hydro gen and HP- trea ted at 870 K exhi bi ted
vi sibl e photo lum inescence at about 570 nm wi th intensi ty increasing wi th HP [3],
sim i larly as detected in nanostructura l porous sil icon.

In the present work di ˜erentl y HP- trea ted hydro gen impla nted sil icon sam -
pl es are studi ed wi th a num ber of synchro tro n to pographi c m etho ds, especial ly the
Bra gg-case secti on to pography . The sam ples were addi ti onal ly studi ed wi th tra ns-
m ission electron microscopy (TEM), secondary ion m assspectroscopy (SIMS) and
photo lum inescence m easurements.

2. E x per i m en t a l

Cz{ Si wa fers of (001) ori enta ti on, wi th the concentra ti on of intersti ti al oxy-
gen, c0 , up to 1 È 1 0 1 8 cm À 3 , were implanted wi th hydro gen (Cz{ Si: H +

2 dose
4 È 1 0 1 6 cm À 2 , energy 130 keV, pro j ected range R p = 0:65 ñ m). The im planted
wa fers were trea ted under Ar pressure up to 1.2 GPa at tem peratures up to 1000 K
for up to 10 h.

The m ost im porta nt metho d of characteri zati on was synchro tro n whi te beam
Bra gg-case section to pography real ized at HASYLAB. The sampl eswere also stud-
ied by rocki ng curve measurements using a 1.1 ¡A m ononochrom atized synchro tro n
radi ati on wi th a smal l 50 ñ m pro be beam diam eter. The addi ti onal studi es of the
defect structure were perform ed wi th TEM whi le the hydro gen distri buti on was
studi ed wi th the SIMS m etho d. The addi ti onal photo lum inescencem easurem ents
in the inf rared range were also perf orm ed.
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3. R esul t s an d d iscu ssio n

As is i l lustra ted by the representati ve rocking curves shown in Fi g. 1 the
unnegl igeabl e im planta tio n- induced stra in wa s observed only in the as-im planted
state. As m ay be evaluated from the rocking curves, the anneal ing perf orm ed at
tem peratures of 870 K and higher reduced the stra in value below 0 : 5 È 1 0 À 6 .

Fig. 1. The representative synchrotron ro cking curves in 400 reÛection of 1.1 ¡A radia-

tion of silico n samples implan ted w ith 130 keV hydrogen to the dose of 4 È 10
16 cm À 2 :

(a) as-implanted, (b) after 1 h anneali ng under 10 5 Pa at 870 K .

The Bragg-case section inv estigati ons enabled very e˜ecti ve moni to ring of
the form ati on of hydro gen inclusi ons correspondi ng to local exfol iati on of the
im planted layer. Usually the sampl es free of exfol iati on produced disti nct
\ Chukho vski { Zaum seil " interf erence fri nges characteri sti c of Bra gg-case section
patterns in elasti cal ly bent crysta ls. As may be fol lowed in the to pographs re-
ported in Fi gs. 2a{ e, these fri nges vani shed or were di sturb ed after HP- anneal ing
pro cesses. The dam pening of the fri nges to ok pl ace after relati vel y short anneal ing
perform ed at atm ospheri c pressure. W i th HP thi s decom positi on requi red respec-
ti vel y a longer anneal ing ti m e. Irreg ulari ti es of f ringes on som e topographs are
caused by non-regul ar bending caused by accidenta l defects on the edges of the
sam ples.

Simi larl y as in the case [4] the stra in pro Ùle in the as-impla nted Si :H sampl e
seems to be caused mainl y by the point defect (i ntersti ti al ) distri buti on, whi ch is,
however, sim i lar to the distri buti on of hydro gen. In the present case the distri bu-
ti on of hydro gen was contro l led di rectl y wi th SIMS m easurem ents. The represen-
ta ti ve di stri buti ons of hydro gen in HT{ HP trea ted sam ples are shown in Fi g. 3.
It can be noti ced tha t the present im planta ti on conta in a smal l addi ti onal com -
ponent of H + ions wi th a signiÙcantl y higher penetra ti on range. Af ter therm al
anneal ing we may observe a tendency of hydro gen gatheri ng at mostly deform ed
region, whi ch is m ost disti nct at lower pressure. Thi s phenom enon as wel l as a
lower level of exfol iati on are wel l expl ainable by lower di ˜usi on of hydro gen under
enhanced pressure.
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Fig. 2. Synchrotron w hite b eam Bragg- case section top ographs of silicon samples im-

planted with 130 keV hydrogen to the dose of 4 È 10
16 cm À 2 af ter H P{H T treatment:

(a) 920 K , 10
5 Pa 0.5 h; (b) 920 K , 1.2 GPa, 0.5 h; (c) 920 K , 1.2 GPa, 10 h; (d) 1000 K ,

10 5 Pa, 10 h; (e) 1000 K , 1.1 GPa, 10 h.

Fig. 3. T he hydrogen distributi on in the HP{H T treated samples obtained with the

SI MS metho d: (a) for 720 K , (b) for 920 K .

The representati ve TEM pi cture of the Si:H sampl e is shown in Fi g. 4. The
sam ple was annealed for one hour at 1 0 5 Pa at 920 K. The pi cture of the cro ss-
-section of the sampl e exhi bi ts a large concentra ti on of defects wi th di stinct small
tra cks in the m ostly deform ed region situa ted at about 0 : 5 5 ñ m below the sur-
face. Below thi s region we see a wi de spread di stri buti on of lessdense separated
defects wi th a maxi mal concentra ti on at appro xi m atel y 1.1 ñ m below the surface,
correspondi ng to maxi mum of the distri buti on of H + ions ranges.

The photo lum inescence spectra of presentl y HT{ HP trea ted sam ples are
shown in Fi g. 5. The origin of PL at 0.8 eV is not known ; tha t at 0.94 can be
attri buted to vacancy cl usters in a form of smal l bubbl es Ùlled wi th hydro gen [5]
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Fig. 4. T he T EM picture of the sample annealed 10 h at 920 K at atmospheric pressure.

Fig. 5. T he representative photolumi nescen ce spectra for samples annealed at 720 and

920 K .

or to di slocati ons-rel ated D 3 l ine. The broad peak at 1.0 eV for the sam ple an-
nealed at 720 K can also be attri buted to dislocati ons-related photo lum inescence
(D 4 l ine). Its wi dth m ay indicate the considerable non-uni form stra in in the latti ce.

4. Co n cl usion s

The sil icon impl anted wi th 130 keV hydro gen to the dose of 4 È 1 0 1 6 cm À 2

and vari ously HP trea ted wa s studi ed wi th a num ber of characteri zati on m eth-
ods incl udi ng synchro tro n X- ray di ˜ra cti on metho ds. The use of whi te beam syn-
chro tro n section to pography enabl ed the exam inati on of the form ati on of hydro gen
preci pi tate and local exfol iati on.

It was found tha t enhanced pressure at anneal ing signi Ùcantl y reduced the
vel ocity of the f orm atio n of hydro gen preci pi ta tes and exfol ia ti on pro cess. The
sam ples annealed under a hi gher pressure exhi bi ted the addi ti onal PL m aximum at
1.0 eV simi lar to tho se observed in sil icon wi th a large concentra ti on of di slocati on.

The SIMS m easurement indi cated a smal ler decrease in concentra ti on of
hydro gen for the sampl es annealed at higher pressures.
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