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Th is paper rep or ts on the study of stru ctura l modiÙcatio ns induced
by the implan tation pro cess and by the subsequent thermal anneali ng in

near -surf ace layers of Si single crystals implanted w ith Si2 + ions of energy
140 keV and doses from 1 È 10

1 5 to 1 È 10
1 6 ions /cm 2 . T he gra zing inciden ce

X -ray di˜racti on and X -ray reÛectivity measurements w ere appli ed to deter-
mine the thickness and structural comp ositio n of the damaged layers. T he

Ùtted electron density proÙles indica ted an existence of an interf acial layer
w ith density higher than the density of Si matrix or near- surf ace oxide layer.
Formation of p olycrystall ine phases of silicon and silicon oxides is discussed

in dependence on the condition s of anneali ng treatment and implan tation
dose.

PACS numb ers: 61.10. {i , 61.10.K w, 61.72.T t, 68.35.Fx, 81.40.Ef , 81.65.Mq

1. I n t rod uct io n

The surface oxi datio n of crysta l l ine semiconducto rs is one of the m ost phys-
ically funda m ental and techno logical ly ubi qui to us of sol id-sta te processes. Ma ny
studi es concerned the oxi des epita xi al ly growi ng on Si surfaces and especial ly the
sil icon/ sil icon oxi de interf ace [1, 2]. The studi es of thi s interf acial region have
reported a high-density layer aboundi ng wi th Si com pared to SiO2 [3].
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Im planta tio n process for silicon crysta ls leads to creati on of the structura l
changes in the near-surf ace layer, i t can lead to form ati on of the secondary pha se.
In most of casesthe oxi de preci pi ta tes in the to p sil icon layer were observed [4{ 6].
The thi n layers of the sil icon oxi de were grown at room tem perature on the Si
substra tes after low-energy copper impl anta ti on [7] or hi gh-energy im planta ti on
wi th oxyg en ions [8, 9].

In thi s paper we report on the studi es of structura l m odiÙcati ons induced
by the im planta ti on process wi th Si2 + ions at the room temperature and by the
subsequent therm al anneal ing in thi n near-surface layer of Si single crysta l .

2 . E x per i m en t a l

Si l icon sam ples cut perpendicularly to the h 1 1 1 i axi s were impl anted wi th
140 keV Si 2 + ions at doses of 1 È 1 0 1 5 or 1 È 101 6 cm À 2. Sampl es were annealed
at 9 0 0 £ C for 46 h. Parti cul ar care was ta ken to m inimi ze a possible contri buti on
from 1 4 N + ions.

Grazing-inci dence X-ray reÛectivi ty (G IX R) patterns were recorded at W 1.1
wi ggler beam l ine at Hasylab (Ha mburg ). The m onochromato r wa s set to
10.000 keV (Ñ ¡A). The inci dent beam wi dth was lim i ted to m by
m eans of sli ts, the value smal l enough to keep the who le spot wi thi n the sampl e
surf ace f rom below the cri ti cal angle of inci dence. The FW HM of the reÛectom eter
wa s estim ated to be of Ï .

The X-ray di ˜ra cti on patterns were measured by a powder di ˜ra ctome-
ter insta l led at the B2 beam l ine at Hasylab (Ha m burg ), using a paral lel beam
m onochro mati zed wi th a Ge(111) doubl ecrysta l m onochro mato r. The di ˜ra ctome-
ter was equipped wi th a set of para l lel horizonta l foi ls (o f angul ar aperture )
at the di ˜ra cted beam . The patterns reported in thi s wo rk were recorded wi th
m onochro mato r set to ¡A. The wavelength was determ ined by a least
squares procedure for silicon NBS 640b standard ( 5 43094 ¡A). The inci-
dent beam geom etry wi th grazing angle Ùxed at was employed duri ng the
m easurements.

3. R esul t s

T able I conta ins the data of the representa ti ve sam ples A, B, and C, for
whi ch we obta ined clear di ˜erences between structura l m odiÙcati ons induced by
im plantatio n pro cessand therm al anneal ing in the near- surface layer and for whi ch
the results of measurements by using X- ray grazing incidence m etho ds are shown
below.

Fi gure 1 shows the di ˜ra cti on patterns obta ined f or the inv estigated sam -
pl es. The typi cal pattern received for the non- impla nted over side of sampl e A is
presented in Fi g. 1a. As i t can be observed, there are no clear tra cesof a crysta l l ine
SiO phase.
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T ABLE I

Samples measured by using X -ray grazing incidence metho ds.

Sample of Si crystal Implantation pro cess T hermal annealing

sample A 140 keV Si 2+ ions at a dose 1 È 10
15 cm À 2 {

sample B 140 keV Si 2+ ions at a dose 1 È 10 15 cm À 2 900 £ , 46 h

sample C 140 keV Si 2+ ions at a dose 1 È 10
16 cm À 2 900 £ , 46 h

The di ˜ra cti on pattern obta ined for the im planted side of sam ple A is shown
in Fi g. 1b. Besides the broad band at 18{ 22£ (2 ˚ ) we observe the di stinct di ˜ra cti on
peaks at angles ¤ 2 8 £ ; ¤ 3 3 and ¤ . The run of the di ˜ra cti on curve, positi on
and intensi ty relati on of these peaks indi cate the presence of polycrysta l l ine SiO
phases m ixed wi th am orpho us pha se in the near-surface layer.

Fi gures 1c and d show the di ˜ra cti on patterns obta ined for sam ples B and C
(i m planted and annealed, see Tabl e I). As a consequence of the therm al anneal ing,
in both cases, the am orpho us phase almost compl etely di sapp ears. On the other

Fig. 1. Di˜raction patterns obtained for selected samples: (a) non- impl anted over side

of non- anneal ed sample, (b) Si sample implanted with 140 keV Si 2+ ions at a dose

1 È 10 15 cmÀ 2 , (c){(d) Si samples implanted with Si 2+ ions at doses 1 È 10 15 cm À 2 and

1 È 10
16 cm À 2 , respectively , and then thermally annealed.
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hand, we observe the di stinct di ˜ra cti on peaks at angles ¤ 2 8 £ ; ¤ 3 3 £ and ¤ 4 7 £

l i ke for the non-annealed sampl e A. These changes of intensi ty relati on in di ˜ra c-
ti on patterns conÙrm som e orderi ng of the polycrysta ll ine SiOx pha se induced by
therm al anneal ing. In the di ˜ra cti on pattern obta ined for sam ple C we observe
the appearance of new peaks. Thei r positi ons and intensi ty relati on point to the
presence of the polycrysta l l ine sil icon.

Fi gure 2 shows the experim enta l reÛecti vi ty wi th the corresp ondi ng Ùts. T o
Ùt the data we used a com puter model electron density pro Ùles wi th param eters
tha t represent the bul k substra te, the oxi de overl ayer and the interf acial layer.
These last two layers can consi st of several lay ers and each of them is described by
density £ i and layer thi ckness d i . A com puter a lgori thm was based on the Parra tt
i tera ti ve procedure m aki ng use of the Fresnel form ula [10].

The experim ental reÛectivi ty m easured for sam ple A (i mpl anted and non-
-annealed, see T able I) wi th the best Ùtti ng resul t is shown in Fi g. 2a. The
theo reti cal param eters used to Ùt are presented in Tabl e II. The run of the ex-

Fig. 2. Exp erimental reÛectivity proÙles w ith the corresp ondi ng Ùts (solid line):

(a){(b) Si sample implan ted of Si 2+ ions at a dose 15 cm 2 , non- anneal ed or

thermally annealed, resp ectively , (c) Si sample implanted w ith Si2+ ions at a dose
16 cm 2 and thermally annealed.
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perim ental reÛectivi ty shows tha t owi ng to im planta ti on pro cess, the near-surf ace
layer wi th electron density clearl y di ˜erent from the electron density of the bul k
m ateri al was created. The experim ental reÛectivi ty shows the oscil lati ons wi th a
period being a functi on of the near-surface layer thi ckness. The Ùtted param eters
suggest tha t close to the surf ace a thi n sil icon oxi de Ùlm of low m assdensity was
form ed (thi ckness d = d 1 + d 2 = 5 9 ¡A). At the sil icon/ sil icon oxi de interf ace a
hi gh-density layer wi th a theo reti cal thi ckness (thi ckness d = d 3 + d 4 = 1 8 8 ¡A)
wa s created. Thi s result is in agreement wi th the results of theo reti cal studi es of
the crysta ll ine Si oxi dati on and especial ly of the sil icon/ sil icon oxi de interf ace [3].

TABLE I I

In Fi g. 2b we present the experim enta l reÛectivi ty obta ined f or sam ple B (im -
pl anted and annealed) wi th the best theo reti cal reÛectivi ty . The Ùtted param eters
for thi s sampl e were com pri sed in T abl e I II. The near-surf ace layers wi th electron
density di ˜erent f rom density of the bul k m ateri al were form ed as a consequence
of impl anta ti on pro cess and therm al anneal ing. The thi ckness of the near-surf ace
oxi de layer was hi gher tha n in the case of non-annealed sampl e and i t equals

¡A. At a very sharp interf ace the thi ck sil icon layer ( ¡A) of the
density slightl y lower tha n the density of the substra te was f orm ed.

T ABLE I I I
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T ABLE IV

Mo deled structure of the samples C (Si implanted w ith Si 2+ ions at a
dose 1 È 10

16 cm À 2 , thermally annealed).

Material Density , £ Thickness, d Roughness, £

[g/cm 2 ] [¡A ] [¡A ]

top oxide layer SiO 2.2 42.00 3 :5

SiO 2.1 35.00 6. 00

interf ace layer SiO 3.6 10.00 4. 00

bulk substrate Si 2: 33 8. 00

The experi menta l and theo reti cal reÛectivi ty obta ined for sampl e C (im -
pl anted and annealed, see Tabl e I) are shown in Fi g. 2c. The Ùtted param eters for
thi s sam ple are given in T able IV. Sim i larl y f or the last sam ple, the near-surf ace
layer (d = d 1 2

¡A) wi th the electro n density di ˜erent from the bul k
m ateri al electron density wa s form ed as a consequence of im planta tio n pro cess
and therm al anneal ing. In the Ùt m odel we assumed the existence of a very thi n
( ¡A), highl y-dense ( g/ cm 2 oxi de layer covered wi th a near-surf ace
oxi de layer at the sil icon/ sil icon oxi de interf ace.

W e have studi ed structura l m odi Ùcati ons induced in thi n near-surf ace layer
of an Si single crysta l by the im planta ti on process of Si2 + ions and by the sub-
sequent therm al anneal ing. The grazing- incidence X-ray di ˜ra cti on and X- ray re-
Ûectivi ty measurements were appl ied to determ ine the thi ckness and structura l
compositi on of the dam aged layers. The Ùtted electro n density pro Ùles indi cated
an exi stence of an interf aci al layer wi th density higher tha n the density of Si m a-
tri x or near-surface oxi de layer. Annea l ing process decreased the thi ckness of thi s
interf acial layer. Thi s Ùndi ng is com parable wi th the resul ts of theo reti cal studi es
of the crysta l l ine Si oxi dati on and special ly of the sil icon/ sil icon oxi de interf ace
[3].

As a consequence of impla nta tio n pro cess, the near-surface layer of the am or-
phous phase m ixed wi th polycrysta l l ine SiO pha ses was f orm ed. As expected,
the am orpho us phase almost com pletel y disappeared owi ng to therm al anneal ing,
whi le som e orderi ng in the SiO phase was induced. Addi ti onal ly the polycrys-
ta l l ine phase of Si app eared in the near-surface layer of Si sam ple im planted wi th
ions at hi gher dose and therm al ly annealed.

Thi s work was supp orted by the State Com mi ttee for Scienti Ùc R esearch,
grant no. 2P 03B 095 16. Synchro tro n m easurements were done at HAS YLAB,
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Ha mburg and were supp orted by the IHP- Co ntra ct HPR I- CT- 1999-00040 of the
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