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A microstructural analysis of silicon-on-insulator samples obtained by high dose oxygen ion
implantation was performed by Raman scattering. The samples analyzed were obtained under
different conditions thus leading to different concentrations of defects in the top Si layer. The
samples were implanted with the surface covered with, 88pping layers of different thicknesses.

The spectra measured from the as-implanted samples were fitted to a correlation length model taking
into account the possible presence of stress effects in the spectra. This allowed quantification of both
disorder effects, which are determined by structural defects, and residual stress in the top Si layer
before annealing. These data were correlated to the density of dislocations remaining in the layer
after annealing. The analysis performed corroborates the existence of two mechanisms that generate
defects in the top Si layer that are related to surface conditions during implantation and the
proximity of the top Si/buried oxide layer interface to the surface before annealingl99%
American Institute of Physic§S0021-897@7)07120-X]

I. INTRODUCTION plantation energy and do$eStandard SIMOX wafers are
formed by high dose oxygen ion implantatiomith doses of

ternative for the fabrication of integrated circuit€s) and ~ the order of 1&° cm™?), followed by a high temperature an-
advanced electronic devices in Si technoldggOl struc- Neal (@t 1300 °C for several hoursThis procedure allows
tures are formed by a top Si layer, which constitutes the?ne to prepare high quality SOI structures with top Si film
active region where the devices are built up, and a buriedghicknesses in the 200—300 nm range and buried oxide layer
SiO, layer, which electrically isolates the active region from thicknesses in the 300—400 nm range. Four and six inch high
the Si substrate. This allows one to obtain dielectric isolatiorfluality wafers are commercially available. The fabrication of
between adjacent devices in the circuit. These characterististry thin film SOI structures by the BESOI technique, on the
provide important advantages for ICs and devices fabricatedther hand, presents problems related to control of the etch-
on SOI structures over those made on bulk Si, the maitpack process. The main advantage of BESOI over SIMOX
advantages being a higher density of integration, higher frerelates to the structural quality of the buried oxide layer,
guency of operation, and better resistance to radiation. which is obtained by thermal oxidation. More recently, a
The main techniques for fabrication of SOl wafers arenew implantation based technique known as SmartCut was
Separation by implanted oxygé8IMOX), bonding and etch  developed this combines the advantages of both SIMOX
back SOI(BESOI), and SmartCut,® respectively. SIMOX  (thickness control of the top Si filrand BESOI(control of
structures are very interesting for the development of submihoth the thickness and structure of the buried oxide
cron devices metal—oxide—semiconductdMOS) fully de- For ion implantation based technologies, a high tempera-
pleted devicel For this, SOI wafers with very thin films {yre anneal is always required in order to relieve the struc-
(less than 100 nincan be fabricated by decreasing the im-yres from damage and residual stress in the top Si film.
Implantation damage in the as-implanted top Si film is spe-
dElectronic mail: perez-ro@iris1.fae.ub.es cially severe for SIMOX technology, where a very high dose

Silicon-on-insulator(SOI) has become an important al-
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of oxygen ions has to be implanted. Nondestructive charac- 400
terization of this damage in terms of structural defects and ) :
stress is of great interest since both features determine the 1504 |
final defect density in the top layéafter annealing Nonde- o
structive techniques can, therefore, be used for on-line analy-
sis of selected wafers in the fabrication process. Moreover,
in-depth knowledge of the physical mechanisms related to
the generation of defects in the structures is an important
issue for further optimization of these technologies.

In this work, the structural analysis of SIMOX samples
obtained under no standard conditions was performed by Ra-
man scattering. The conditions were decided upon in orderto .- 1507
obtain samples with different crystalline properties in the top
silicon layer. This is possible by performing the implantation 100 -
with the substrate capped with a thermal oxide laigereen
oxide).® There are experimental proofs that relate the micro- 50
structure of the as-implanted layers and the density of defects
remaining in the top Si layer after annealing to surface con-
ditions during the |mp]antgtlon .s-tep since the CharaCtenStICIS—IG. 1. Thickness of the top Si layer from as-implanted samples vs the
of the surface determine its ability to accommodate the ﬂu)%creen oxide thickness. The thickness of the buried oxide layer is about 280
of interstitials coming from the oxidized regiGf.The sur-  nm for all the samples.
face features therefore, dramically influence the solid phase
epitaxial (SPB regrowth rate at the surface.

For the as-imp|anted Samp|es the first order Si Raman All the SIMOX wafers studied here were implanted with
band appears broadened and frequency redsHiffedaria- & dose of 1.&10'® cm™2 oxygen ions, at an energy of 190
tions in the Raman parameters have been correlated to ti&V, and implantation temperature Bf= 650 °C. The SiQ
presence in the top silicon layer of structural defects, such agapping layer thickness was varied from 0 to 200 nm. Hence-
precipitates and dislocations, as well as residual stress, all #®rth this capping layer is refered to as the screen oxide. For
which result from implantation induced damage. The struceach screen oxide thickness, two wafers were implanted: one
tural defects reduce the lattice correlation length, whichwafer had no annealingas implantefl and the other was
models the average distance between defects and causes dignealed at 1320 °C for 6 h. The wafers analyzed in this
order effects in the specttd Analysis of the Raman spectra Work were grouped in two series: series A corresponds to
has allowed us to determine both the correlation length anwafers implanted with screen oxides thinner than 50 nm, and
the stress in the top Si layer of the as-implanted structureseries B corresponds to those implanted with screen oxides
These data were correlated to the remaining density of dehicker than 100 nm. As previously reportethr samples of
fects after annealing, and are discussed as a function of tt&eries A the screen oxide is fully removed by surface sput-
main mechanisms involved in the generation of defects thae€ring during the implantation. For series B samples, the
are responsible for observed differences in the microstructurécreen oxide is too thick to be fully removed during the
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of the samples. implantation, and the whole implantation is performed with
the surface covered with the capping oxide. Accordingly, the
II. EXPERIMENT AND SAMPLE DESCRIPTIONS thickness of the top Si layer decreases as the screen oxide

Raman spectra were carried out with a Jobin Yvonthickness increases. This can be seen in Fig. 1, where the
T64000 S ec’?rometer ecoeu led witr? an Olvmpus metallOthickness of the top Si layer of different as-implanted

Y SP P . ympus samples is plotted versus the screen oxide thickness. Besides,
graphic microscope. Both the excitation and collection of the
scattered light were done through the microscope objective.
Excitation was provided by the 457.9 nm line of an argonTABLE I. Thickness of the screen oxid&0) (in nm) and density of dis-
ionized laser, for which the penetration depth of scatteredbcations in the corresponding annealed sampilescm?) after Ref. 5.
|ight is estimated to be about 140 nm. The microscope Ob_Series A corresponds to samples P02-P10, and series B corresponds to

jective used was 109, with a numerical aperture of 0.95. samples P12-P16.

Thus, the laser beam diameter at the focus is slightly submi- d Dislocation
cronic according to the Rayleigh diffraction criterium. All Sample (SO density
the measurements were made at room temperature, and the P02 0 A0
laser power density was kept below 80 kwWfcim order to P04 23 x10
avoid heating effects in the spectra. Under these conditions, P06 28.4 &10°
the measurements were performed at a laser power density P08 421 510°
below threshold to induce temperature enhancertfeAt! P10 46.6 &10°

. P12 102 X10
the measured spectra were systematically compared to those P14 144.6 1910
obtained on bulk silicon under the same experimental condi- P16 189.7 X10°
tions.
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shows the full width at half-maximunfFWHM) of these
spectra versus the dislocation density. The circles represent
the samples implanted with the thinner screen oxide
q *e (<50 nm, samples of series)/fand asterisks represent the
samples implanted with the thicker screen oxie400 nm,

- samples of series )B Two different behaviors that can be
associated with the two sample series can be observed.

(1) In the samples of series A the Raman parameters corre-
late to the final defect density. As the defect density
increases, the Raman shift and FWHM increase as well,
showing saturation for densities higher than P cm2.

(2) In the samples of series B the Raman parameters do not
show any correlation to the final defect density.

Raman shift (cm™)

Since Raman measurements were carried out at very low
_6 , , , , laser power density, the reported spectral changes should be
1x10° 2x10° 4x10° 6x10° 8x10° due to causes other than the asymmetric broadening associ-
ated with sample heating.

Since translational symmetry breakdown is expected in
FIG. 2. Frequency shift of the Raman spectra of the as-implanted samples e as-implanted samples, which should result in a relaxation
relation to bulk silicon vs the dislocation density measured for the corre-0f the momentum conservation rule, the Raman spectra were
sponding annealed onel?) series A andx) series B. studied in terms of a correlation length modelThis model
was initially developed by Nemanich and Sdfirand by

. 14 . . .
the density of dislocations in the top Si layer of correspond.Richteret al,™ and it has been applied to different systems

ing annealed structures is reported in Table I. These datf Which phonon conﬁﬂement effects ared observed in ”t_he
were determined by electron microscopy and enhanceffaman Slssl?f;'ftra' suc las dmul:ro- éz;m rcljanocwsta Ine
chemical etching techniquésThe data of Table | show that StrUctures, lon Implanted layers, and porous

the dislocation density is strongly dependent on the implan_semiconductoréf.‘_’lg Assuming a constant correlation length
tation and surface conditions L in the scattering volume, the intensity of the first order

Raman band of silicon is given by

Dislocations density (cm?)

()

IIl. RESULTS 2nlag  |C(q)|?4mq?dq
(w)“f

Figure 2 shows the frequency shift of the first order Ra- 0 (w—o(q))%+(Ig/2)%’
man band of the as-implanted samples with regard to the . ] . .
bulk silicon Raman frequency versus the dislocation densityVh€réa, is the lattice constant of Si, arid, is the Raman

measured on the corresponding annealed samples. Figurdrrinsic linewidth of crystalline silicon. _
The weight factorC(q) for the scattering with wave

vectorq is given by

7.0 212
|C(q)|2xex4_q8 )1 (2)
6.5 *
O O and according to Ref. 18 the phonon dispersion relation
6.0 - O o(q) is taken as
= * * q 2
§ 55 w(Q)=wp—12(<—) , ©)
:.:: Yo
g 5.0 - wherew, is the wave number of the first order Raman band
K in the absence of disorder effects agg=2m/a,. This re-
45 4 lationship reproduces the dispersion relation for longitudinal
optical (LO) phonons along thE001] in Si well. Taking into
40 account that LO and transverse opti¢&D) phonons in Si
are degenerated at the zone center, and that fea, the
35 : . : . phonons contributing to the integrél) are mainly from the
1x10° 2x10° 4x10° 6x10° 8x10° vicinity of the zone center, this expression constitutes a good
_— . _2 approximation forL>a,.*®
Dislocations density (cm") Taking these correlations into account, we find that ex-

FIG. 3. FWHM of the Raman spectra of the as-implanted samples vs thgresslons(l)_(s) a”OW us to accurately fit the shape and
dislocation density measured for the corresponding annealed @pse-  POSition of the experimental spectra. HOV\_’ever: the Sp_eCtra
ries A and(x) series B. are also affected by the presence of residual stress in the
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scattering volume. This stress can be taken into account by 015
assuming a model in which both the correlation length and

the residual stress are uniformly distributed in the scattering (c)
volumel®181%n such a case, the stress does not affect the
shape of the Raman spetaletermined by expressions
(1)-(3), and the only effect of stress is a shift of the spectra.
According to this, the wave number of the first order Raman
band in the absence of disorder effecis,, is shifted in
relation to the wave number of the first order Raman line in
the absence of both disorder and stress effasts, This
latter parameter corresponds to the position of the Raman
line from stress free crystalline silicon (521 cH. Then, ()

the stress induced shift is givenj’By 0.00 s bt - . : i e
470 480 490 500 510 520 530 540 550

Awg=w,— wg. 4) Wavenumber (cm™)

0.10 A+

o

(@]

w
L

(b)

Raman intensity (o.u)

So this shift corresponds to the difference between the
position of the experimental spectrum and that of the theoF!G. 4. Raman spectra from the P10 as-implanted santplesubstrate
retical specirum ffom the correlation length mocdel which 251241 ®) heoretiat sectum fom e o S ey eerimena
reproduces the shape of the experimental Gne.

Obviously in a layered structure like those studied here
some depth distribution of both the correlation length and  The correlation length. estimated from the theoretical
stress parameters must be present. Thus, the parameters fitsef the spectra as a function of screen oxide thickness is
timated from the fitting of the spectra correspond to effectiveplotted in Fig. 6. As is shown, the thicker the screen oxide,
average values in the scattering volume. On the basis of an ithe shorter the correlation length. This also indicates that the
plane stress model, we can estimate the magnitude of suchicker the screen oxide, the higher the defect density in the
stress to be proportional to the stress induced wave numbes-implanted samples. Moreover, for the samples of series A
shift A wg:?° the correlation length decreases more significantly than that

o(MPa) = 2500 wg(cm™Y). ®) for the samples of series B.

The fitting of the spectra with expressioflg—(5) also  IV. DISCUSSION

has to consider the contrlbuthn to t.he Spe‘?””?“ from the Si The interpretation of these data has to take into account
substrate. In order to determine this contribution, we mea;

the different surface conditions during implantation for both

sured the Raman spectrum directly over the buried oxide . :
Series of samples. For the samples of series A, the screen

once the top silicon layer was removed by a chemical treat()xide is completely removed by sputtering during implanta-
ment (KOH). This spectrum was conveniently subtracted

from the spectrum obtained in the full structures in order to

apply the correlation length model without the substrate con
tribution. In general, an enhanced substrate contribution i 2
observed for as-implanted SIMOX, which is likely related to */),/k
a decrease of light absorption in the top Si layer due to tht

high oxygen content and oxide inclusiof$! Deconvolu- o
tion of the Raman spectrum of sample P10, showing th¢
contribution of both the top Si layer and the substrate, is \3
presented in Fig. 4.

The stress induced frequency shift versus the thicknes
of the screen oxide is plotted in Fig. 5. Different behavior
between the samples of the two series is observed: Sampl
of series A(thinner screen oxideexhibit a shift towards the
low frequency side for increasing screen oxide thickness
This means that tensile stress increases for increasing scre
oxide thickness. On the other hand, samples of series |
(thicker screen oxideshow compressive stress since a shift
to high frequency is observed. For the latter series, the value
of the stress induced shifts from the different samples ar —4 7 T 7 T T
very similar within experimental accuracy, which suggests 0 50 100 150 200 250 300
that stress is not significantly affected by the screen oxidt
thickness above a threshold value. Nevertheless, a certau.
increase of the compressive stress is observed as the Screg8 s stress induced frequency shift vs screen oxide thickii@ssseries
oxide thickness increases. A and (+) series B.

(Av)stress (cm-1)

Screen oxide thickness (nm)
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FIG. 6. Correlation length vs screen oxide thicknes&d) series A andx) corresponding annealed samples.
series B.

tion. This means that the implantation is performed over glains the compressive stress reported in Fig. 5. In this case
surface free of screen oxide from the complete sputtering ofompressive stress is the dominant effect, and it accounts for
the screen oxide to the end of the implantation. As the screethe frequency shift of the Raman peak to the blue in these
oxide thickness increases, this time decreases, and resultssamples.
an increase of residual tensile stress. The tensile nature of The evolution of the density of dislocations in the top
this stress, in comparison with the compressive one observesilicon layer after annealing can be explained as follaffs.
f(.)r the samples gf series B, suggests the presence of vaca ) There is a sharp increase in the density of dislocations
cies in the top Si layer of the samples of series A, wherea . : . .
. : . with the screen oxide thickness for the samples of series
the compressive stress in the samples of series B may be - ; . .
. o o S A. This is related to the sharp increase in the tensile
associated with interstitial accumulation in the top layer. . : :
) . R stress and defects present in the surface region, resulting
When the sample surface is partially free during implan- . - : . s
. . ; " . from imperfect epitaxial accommodation of interstitial Si
tation (series A, the excess of interstitials coming from the . . L
- . o . . in the surface. As the thickness of the screen oxide in-
oxidized region relaxes by epitaxial regrowth during the time . ) . ) .
. . ) creases, the fraction of the implantation time with the
the surface is free. For samples with the thinnest screen ox- .
) . surface of the sample free from the oxide decreases,
ide, the regrowth rate can achieve an acceptable level of . . . SRR
: . ) . which leads to poorer relaxation of excess interstitials in
ordering of the flux of silicon interstitials. However, as the . : .
. . : : . the surface region that determines the observed increase
thickness of the capping layer increases, the time available . . :
o of tensile stress and the shortening of the correlation
for an adequate epitaxial regrowth decreases. Then, before an lenath
atomic plan can be completed, the arriving silicon intersti- gmn.

. ; ; . (3) For the samples of series B, the increase in the disloca-
tials are placed on new atomic planes, leaving vacancies an

: : . . L tion density with the thickness of the screen oxide is
increasing the tensile stress, in a way similar to that observed _ .
for amorphous Si layers, smaller. ThIS is related to the defgcts in the Iower_part of
. . the top silicon layer from the as-implanted material that
For these samples there is a clear correlation between the generate threading dislocations after annealing. The in-
density of defects in the as-implanted structures—monitored crease of the dislocation density is due to the displace—
by the correlation lengtth—and the dislocation density in ment of this region towards the silicon surface as the
the corresponding annealed ones. This can be seen in Fig. 7, ide thickness increases. Similar results have
where 112 versus the dislocation density is plotted. The cor- Zcreen SX' N d by changing th . lantati
relation between both magnitudes suggests that dislocations aiz;]orodosseé\zle y changing the implantation energy
in the top Si layer after annealing are determined by the '
tensile stress and defects induced by the imperfect accommo- In this last case, the correlation length and stress induced
dation of Si interstitials at the surface. shift present weaker dependencies on the thickness of the
In the samples from serid® the sputtering of the screen screen oxide. This indicates that changes in the structure are
oxide layer during the implantation cannot remove this layersmaller. The main difference between these samples is the
completely, and the silicon surface is covered by an oxidalecrease of the thickness of the top silicon layer as the thick-
layer all during the implantation process. Accommodation ofness of the screen oxide increases. This lends support to
the silicon interstitials is then inhibited, and the interstitial mechanism(2) proposed for the generation of defects in
concentration in the top silicon layer is very high. This ex-these samples.
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Finally, we have to note the correlation observed be-observed between the Raman features of the as-implanted
tween the Raman features of the as-implanted structures amstkuctures of series A and the final density of defects in the
the final density of dislocations after annealing for series Acorresponding annealed wafers corroborates the ability of
samples(as shown in Figs. 2 and).3Similar behavior has this nondestructive technique to diagnose the final density of
been observed for samples implanted under different conddefects in annealed wafers from measurements on as-
tions without the screen oxide and with final dislocation den-implanted ones when the final density is higher than 5
sities above % 10* cm 2.1° The Raman spectra from the x10* cm™2.
as-implanted samples are thus sensitive to levels of damage
in the structures that lead to final defect densities higher thaACKNOWLEDGMENTS
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