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H igh dose ion i mpl antation w as used to form p olycrysta ll i ne silicid e

Ùlms on porous silicon w ith di ˜erent nati ve concentrations of light impuri -
ties (C and O) . Porous silico n layers several ñ m thic k w ere implanted w ith
170 keV C r + ions to Ûuences of 3 È 10 1 7 ions/cm 2 both at room temp er-

ature and 450
£ C . Simil ar samples w ere implan ted w ith 100 keV Co+ ions

to Ûuences of 2 È 10 17 ions/cm 2 at room temp erature , 350 £ C , and 450 £ C .
T he formed sili cid e comp ounds w ere studied by Rutherf ord backscattering

spectrometry , elastic recoil detection, glancing incidence X -ray di˜racti on,
and four p oint- prob e sheet resistance measurements. Selected C o implan ted
samples w ere analysed by cross- section transmissi on electron microscopy . Re-

sults show that the light impuriti es were partiall y exp elled from the forming
silici de layer. C ombining cross- section transmissio n electron microscopy w ith
ion b eam metho ds it was possibl e to show that, in the implanted region, the
p orous structure collaps es and densiÙes during implantation, but the un-

derlying porous silicon remains intact. T he layer structure, as w ell as the
quality and typ e of the formed sili cid e, were found to depend on the original
impurity level, implantation temp erature, and annealing .

PACS numb ers: 61.10. {i, 61.18.Bn, 61.43.Gt, 68.55.Ln

(773)



774 A. R. Ram os et al.

1. I n t rod uct io n

Porous silicon (PS) is extensi vel y investigated for i ts electro lum inescence
pro perty [1]. Its use could al low the integ rati on of opti cal and electroni c uni ts into
a sing le devi ce wi th conventi onal technology. A basic requi rem ent is the form ati on
of electri c conta cts on PS: conducti ve Ùlm s and conta cts are necessary to pro-
vi de interconnecti on between devi ces and the outsi de world. Given the structura l
and com positi onal pro perti es of PS, ion beam synthesi zed (IBS) ref racto ry m etal
sil icides are a pri vi leged choice for m etal l izati on.

Previ ous experim ents revealed tha t PS densiÙesunder ion bombardm ent [2].
If the im planted ions react wi th silicon, as the ones routi nely used in sil icide form a-
ti on do, e.g. 100{ 200 keV Ti , W , and Co ions [3], preparati on of compact sil icide
conta cts on PS may be achi eved in one sing le step. Cr wa s the Ùrst species chosen:
PS usually has a high nati ve concentra ti on of conta m inants, mostl y C and O, and
i t is kno wn tha t im planted Cr can, even in sil ica, react wi th sil icon to form sil i -
ci de [4]. Ho wever, Cr form s a relati vel y hi gh resistivi ty semiconducti ng di sil icide
( ¤ 1 5 0 0 ñ ¨ cm). Theref ore, a second batch of sam ples was impl anted wi th Co in
order to study the possibi l i ty of form ing a lower resisti vi ty metal l ic sil icide al ready
after the im planta ti on, thus avoidi ng the need for a hi gh tem perature anneal ing
tha t woul d destroy the PS [1].

2 . E x per i m en t a l

Three di ˜erent ki nds of 5{ 10 ñ m thi ck PS layers were prepared by anodic
etchi ng. Sampl e prepa rati on deta i ls can be found in R efs. [5, 6]. Chosen sampl es
were pre-oxi dized ri ght after m anuf acturi ng by annealing at 3 0 0 £ C for 60 m in in
an N 2 atm osphere wi th ¤ 1 % O 2 . Between preparati on and impl anta tio n, the
sam ples were kept in conta iners at either norm al , argon, or penta ne atm osphere.
Arg on wa s found to be e˜ecti ve in delayi ng the O upta ke, whereas the sampl es
kept in penta ne oxi dized more quickl y. One batch of sam ples wa s im planted wi th
170 keV Cr + ions, at 5 ñ A/ cm 2 current densi ty and 1 5 £ ti l t, up to a Ûuence of
3 È 1 0 1 7 ions/ cm 2 at ei ther room tem perature (R T) or 4 5 0 C. The latter sampl es
were annealed at 7 0 0 C for 90 m in and the chosen ones were further annealed at
1 0 0 0 C for 15 min. A second batch of sam ples was im planted wi th 100 keV Co
ions, at 3 A/ cm current density and 1 5 ti l t, up to a Ûuence of 2 È 1 0 ions/ cm
at room temperature, 3 5 0 C, and 4 5 0 C. Al l these sampl eswere annealed at 6 0 0 C
for 60 m in. The 3 5 0 C impla nted sam pl es su˜ered an extra anneal at 1 0 0 0 C for
30 min. Al l anneals were done in ¤ 5 È 1 0 m bar vacuum .

The in-depth com positi on of the vari ous sampl es wa s determ ined by the
R utherf ord backscatteri ng spectro metry (R BS) and elastic recoi l detecti on (ER D )
(R BS at = 1 4 0 and 1 8 0 scatteri ng angle, IBM geometry , 1.6 MeV He ,
1.5/ 1.73 MeV H or = 1 6 5 , Cornel l geom etry , 3.043/ 3.145/ 3.8 MeV He ;
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ER D at È = 2 3 £ , IBM geom etry , 3.043 MeV 4 He+ ). 1.73 MeV proto ns are es-
pecial ly sensiti ve to C and 3.145 MeV He ions to O due to the resonances at
1.730 MeV and 3.045 MeV. The densiÙcati on e˜ect of ion- im plantatio n in PS was
inv estigated both by cross-section tra nsmission electron microscopy (XTEM) and
the resonance m etho d [7]. The latter pro cedure m easures the porosity of the sam -
pl e thro ugh the enhanced wi dth of the 1 6 O resonance peak. Io n beam analysis data
were evaluated wi th RUMP [8], R BX [9], and ND F [10]. Glanci ng inci dence X- ray
di ˜ra cti on (GIXR D ) m easurements were done wi th a Siemens D -5000 di ˜ra ctome-
ter (1 £ or 0 : 5 £ inci dence, Cu K ˜ radia ti on). Phase identi Ùcati on was based on
R efs. [11] and [12] (f or Cr 5 Si3 ).

Sampl esfor XTEM were prepa red by argon ion m i ll ing (see deta i ls in R ef. [7])
and then inv estigated wi th a Phi l ips CM 20 typ e electro n m icro scope at 200 keV
eÀ energy.

3.1. Porosi ty change

Porosity change m easurem ents using the O resonance m etho d were car-
ri ed out on selected vi rg in and im planted sampl es. R esults obta ined in sampl es
im planted wi th 20% of the regular Ûuence show them to be almost com pletel y
densiÙed [6]. In higher dose sam ples, al l processescan, theref ore, be considered to
have occurred in compact materi al , li ttl e inÛuenced by the ori ginal structure. The
onl y structure -related di ˜erence observed was the \ peeling o˜ " of the porous layer
in non pre-oxi di zed spongy sampl es when im planted at 4 5 0 C. In al l other sam -
pl es, tho ugh the surf ace densiÙes, the in-depth PS reta ins its integri ty , as shown
by the XTEM pi ctures (Fi gs. 1a, c, and d).

3. 2. C omposition proÙles

Fi gure 2 shows a set of representati ve spectra and sim ulati ons. The as-im -
pl anted pro Ùles were found to be nearl y recta ngul ar both for the room tem perature
(R T) and high tem perature im planta ti ons (see, for exampl e, Fi g. 2c). Cr and Co
pro Ùles are around 150 nm and 60 nm thi ck, respectively. These thi ckness values,
calculated using Bra gg' s rul e [13], agree well wi th the ones obta ined for Co f rom
the XTEM pi ctures (see Fi g. 1). A di ˜usi on- l ike ta i l exi sts as wel l, increasing
wi th impl anta tio n tem perature. The sam e pi ctures also reveal increased surface
roughness in the hi gh tem perature im planted sampl e.

Accordi ng to the sim ulated depth proÙles, duri ng im planta ti on, C and O
were parti al ly expelled from the im planted layer, pi l ing up behind i t. In the case
of Cr, thi s process di d not occur at RT , indi cati ng tha t i t is related to sil icide f or-
m ati on and/ or enhanced ato m m obi l it y at 4 5 0 C. For Co, the opp osite happens:
the expell ing pro cess is m ore pro nounced at RT , the concentra ti on of reta ined O



776 A. R. Ramos et al.

Fig. 1. X TEM pictures of several Co implanted porous samples: (a) columnar typ e

sample of 40% p orosity implanted at 350 £ C; (b) the same sample after annealin g at

1000
£ C ; (c) 70% porosity , pre-oxidi zed columnar sample implan ted at ro om temp erature;

(d) the simila r sample implan ted at 450 £ C. T he high oxygen content of the latter sample

did not allow the grow th of large silici de grains as in part (a).

increasing wi th im plantati on tem perature. Such behavi our may indi cate oxygen
redi stri buti on in the im planted layer duri ng hi gh temperature im planta tio n, sup-
posedly related to a higher di ˜usi on coe£ cient and/ or solubi li ty of O in Co sil icide.
The di ˜erence between Co and Cr im planted sam ples indi cates tha t the expell ing
pro cess is not a bal l isti c e˜ect, but tha t i t is indeed related to sil icide form atio n:
no sil icide phases exist in RT im planted sam ples for Cr, whi le for Co, CoSi, and
Co 2 Si are observed by GIXR D . H is also rem oved from the im planted layer (see
Fi g. 2b).

W hi le for monocrysta l l ine Si the reta ined ion dose increases wi th im planta -
ti on tem perature, for PS i t decreases. In the case of hi gh temperature im planta -
ti ons, the reta ined dose decreases wi th O content, wi th hi gher values in m onocrys-
ta l l ine Si and lower values in heavi ly conta mina ted PS sam ples. Conversely, for the
RT impl anta tio ns, the reta ined dose increaseswi th the O content. Such behavi our
m ay indi cate an oxygen enhanced meta l di ˜usi on mechanism to wards the surface
duri ng high tem perature impla nta ti on.
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Fig. 2. RBS and ER D spectra for a spongy pre- oxidized sample of 60% porosity , im-

planted with C r at 450 £ C . (a) RBS 1.73 MeV H + È = 180 £ , IBM geometry; (b) ERD

3. 4043 MeV 4 H e+ , È = 23
£ , I BM geometry; (c) RBS 3.8 MeV 4 H e+ , È = 165

£ , C ornell

geometry . Dots are measured spectra, w hile lines corresp ond to simulations.

3.3. Phase format ion

The X- ray di ˜ra cti on data indicate tha t several sil icide phasesform , depend-
ing on tem perature and oxyg en content (see Fi g. 3). CoSi2 or CrSi 2 grow pref erably
in low oxyg en, high tem perature im planted sampl es. The integ rated intensi ty of
the di ˜ra cti on lines and the average gra in size of the preci pi tates decrease as the
O content grows. For Co, at about 0.22 O/ Si ra ti o another sil icide phase app ears
| CoSi | whi ch disappears at even higher O contents. For such sam ples, the in-
creasing of the im planta tio n tem perature from 3 5 0 £ C to 4 5 0 C does not prom ote
Co Si form ati on (see Fi g. 3). CrSi form ati on in high temperature impl anted sam -
pl es conti nuousl y decreases unti l 0 2 5 O/ Si rati o, when i t disappears. Weak
Cr Si peaks appear in heavi ly conta m inated sam ples. For the RT im planted sam -
pl es,CrSi disapp ears already at 0 0 3 O/ Si rati o and no other sil icide phasesare
vi sibl e. W eak Cr and Si oxi de l ines also appear in highl y conta m inated sam ples.
No Co oxi des or meta ll ic Cr or Co peaks are discernible.

Sheet resistance data indi cate tha t in m ost sam ples a low resisti vi ty layer
form s in spite of the impuri ti es. In the high temperature Cr impl anted sam ples,
the resistance coinci des wi thi n error to tha t of Cr im planted m onocrysta l l ine Si;
for the RT sampl es it is always higher. T aki ng the thi ckness m easured by RBS,
the obta ined resisti vi ty is 1 3 0 0 ¨ cm, in good agreement wi th other values
found in l itera ture for IBS CrSi [14]. The Co im planted layers are m ore sensiti ve
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Fig. 3. Glancin g incidence X -ray di˜raction spectra of several columnar samples im-

planted w ith C o at di˜erent temp eratures. C oSi2 forms in low O/Si ratio, high temp er-

ature implanted samples (a). H igher O/Si ratios result in CoSi forming instead (b). For

these samples, increasin g the temp erature does not e£ciently promote C oSi2 formation

(c). Room temp erature implan ted samples show practically no silici de phase but w eak

C o2 Si + C oSi formation (d).

to the ori gina l O content: the sheet resistance increases wi th the O/ Si ra ti o in
the im planted layer, but di ˜erentl y for the vari ous tem peratures. For lower rati os,
the high temperature im planted sam ples have lower resisti vi ty; above 0.22 O/ Si
ra ti o, the sheet resistance increases faster for the hi gh temperature sam ples tha n
for the RT ones. Thi s may be the resul t of coarser SiO 2 preci pi ta tes in the high
tem perature sam ples, tho ugh thei r presence is not easily di stinguished in the X- ray
di ˜ra cti on spectra . Best values are around 4 5 ñ ¨ cm ( ¤ 3 ti m es hi gher tha n for
layers f orm ed on monocrysta l l ine Si).

3. 4. A nneal ing resul ts

X- ray di ˜ra cti on m easurements revealed tha t, up to 0.70 O/ Si, anneal ing
pro motes the tra nsform ati on of CoSi into CoSi2 , i f the Ùrst was present, or the
growth of the CoSi 2 . For even hi gher O/ Si ra ti os, CoSi also starts growi ng. In m ore
conta m inated sampl es, it is the only phase present. Sim ilarly , anneal ing enhances
the CrSi 2 content and/ or gra in size. As the O content increases, other Cr ri ch
phases begin to form , nam ely Cr 5Si3 and even Cr 3 Si . As exp ected, CrSi is not
observed [15]. The sheet resistance slightl y increases duri ng the 7 0 0 £ C anneal ing
of the Cr im planted sam ples, f ollowing an increase in O content in the im planted
layer. In the case of high temperature Co im planted sampl es, anneal ing at 6 0 0 C
resul ts in lower resistivi ty . Conversely, f or RT im plantati ons, the same anneal-
ing results in a resisti vi ty increase for sam ples of 0 2 5 O/ Si. The addi ti onal
1 0 0 0 C anneal ing induces a dra mati c structure m odi Ùcati on as shown in Fi g. 1b:
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large isolate sil icide preci pi ta tes grow and the underl yi ng porous silicon is severely
dam aged, whi ch results in increased resisti vi ty for al l sam ples.

4. Co n cl usion s

In spi te of the hi gh impuri t y level of PS, we were able to form a good qual i ty
polycrysta l l ine sil icide Ùlm in most sam ples. Best results are obta ined by high
tem perature impla nta ti ons, where the im puri ti es are parti al ly exp elled from the
form ing sil icide, pi ling up behind i t. Very high oxygen contents inhi bi t sil icide
form ati on. Under the exp erimenta l condi ti ons used, in porous sil icon wi th an O/ Si
ra ti o < 0 : 2 2 (f or Co) or < 0 : 2 5 (f or Cr), i t is possible to form a good qual i ty
di sil icide layer imm ediatel y duri ng im planta ti on. In more conta m inated substra tes,
other m ore m etal ri ch phases app ear. Ab ove 0.70 O/ Si ra ti o no sil icide can be
detected by X- ray di ˜ra cti on. Lower resisti vi ty values are obta ined for Co , wi th
the 3 5 0 £ C im planted sam ples, tho ugh thei r resistivi ty is sti l l ¤ 3 ti mes hi gher tha n
tha t of thei r monocrysta l l ine counterpa rt (15 vs. 45 ñ ¨ cm). The 1 0 0 0 £ C anneal ing
resul ts in the destructi on of the underl yi ng porous sil icon and the growth of large
isolated sil icide preci pi ta tes.
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