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The density of silicon islands trapped in buried gl@yers produced by the implantation of oxygen

into (001)Si substrates is monitored by atomic force microscopy for the oxygen dose range just

above that required for continuous oxide formation. In addition to an exponential increase in the Si

island density with oxygen dose, the regularly shaped remnants of grpB#3e with a reduced HF

etch rate were found. The formation of this additional oxide phase as a result of enhanced internal
pressure inside the Si crystal is proposed to account for the retention of Si islands in the buried
oxide. © 1997 American Institute of Physid$S0003-695(097)00141-1

Silicon-on-insulator structures produced by low-dose(>10° cm 2 for D=5.1x 107 O" cm 2 and 4 h anneal at
(D<0.5x 10" cm™?) oxygen ion implantatioiSIMOX) are 1310 °Q. Apparently, the protrusions are formed during the
superior to the standard(=2x 10 cm™?) SIMOX struc- initial part of the PIA, and then slowly anneal as the duration
tures in terms of production cost and heat conductivity of theof PIA increases. The mean protrusion height in the BOX
buried oxide(BOX). However, BOX layers of acceptable annealed fo8 h is shown as a function of ©Odose in Fig.
insulating quality are formed only within a narrow dose 2(b). It is seen that the average height of the protrusions is
range aroundD o= 0.35x 10" cm™ 21~ Below D, no con-  only slightly less than the BOX thickness indicated by a
tinuous BOX layer is formed, whil®> D, providing more  solid line. In the samples annealed at 1330 and 1350 °C the
oxygen leads, curiously, to the incorporation of Si islandsprotrusion height decreases with dose reduction, which sug-
into the BOX, thus degrading the electrical propertia¥e  gests “dissolution” of the protrusions. Also shown in Fig.
will show that the density of Si islands in the SIMOX BOX 2(b) (solid symbol$ is the electric breakdown field of the
increases exponentially f@>D,, and correlates with the BOX. Comparison indicates that the degradation of the BOX
formation of oxide inclusions having a reduced HF etchingquality at D>D,, correlates with the presence of HF-
rate. The latter appear to originate from oxygen precipitationfesistant inclusions, pointing, in turn, to the presence of con-
not only in the form of amorphous Sj®ut, also as coesite- ductive silicon.
like ribbons which trap Si islands inside the BOX. Indeed, there is evidence for the latter. On the samples

The samples were produced by the implantation of 200vith higher D (~0.53x10'® O* cm™) the Si portions of
keV O ions into (001)Si substrates at 590 °C wit the inclusions are revealed by KOH etching performed after
=(0.39-0.53)x 10'® cm™2, followed by post-implantation the removal of the upper 60 nm of the 110-nm-thick BOX
annealing(PIA) in Ar+0.5% O, at 1310, 1330, or 1 350 °C layer. After the HF etch AFM shows regularly shaped inclu-
for 4, 6, or 8 h. The BOX thickness was in the range ofSions (crysta) aligned with(110 directions of the Si sub-
77-115 nm. Subsequently, the top Si layer was removecptrate[Fig. 3(a)], which are similar to the Si islands observed
whereupon the exposed BOX layer was analyzed by atomiB €lectron microscopy in the SIMOX BOX preparediat
force microscopyAFM) in a constant force mode after step- ~ Dopt-~~ The subsequent KOH etch reduces the number of
wise HF etchback. The revealed inhomogeneities were ad-VISIPIé protrusions leaving in some places deep etch pits
ditionally exposed to Si-selective etchafikOH:H,O at [see, e.g.A in Fig. 3b)] reaching down to the Si substrate

60 °C) to distinguish between Si inclusions and the slowlysurface thus indicating the presence of Si. KOH et_chmg,
etching SiQ phase. For electrical measurements Circulalhowever, leaves some of the protrusions unattacked, indicat-

(@=0.8 mm) Au electrodes were evaporated onto the BOX ing their oxide nature. In many cases these oxide protrusions
AI':M images of the sample surface after BOX removaihave a rec_tangular Sh"?‘pe with the sides _a"gf’ed with the
(the sample becoming hydrophopiare shown in Fig. 1 for (110 directions of the Si substrafsee, e.g.B in Fig. 3b)].

) : o .. The largest amount of these slowly etchddth in HF and
three implantation doses @ h PIA at 1350 °C. The density KOH) oxide particles are observed in samples with a high

Of. protrusions per unit area increases negrly eXpone_mia”}ﬁensity of HF-resistant protrusions. It thus appears that the
with the dose for all three PI,A temperat.u[d?sg. 2(3)]'_ This resence of Si inclusions in the BOX correlates with the
suggests a common protrusion generation mechanism. ShoEfesence of the low etch-rate oxide platelets

ening of the PIA time to 4 106 h was found to cause a With prolonged HF etch more and more protrusions are
significant increase in the density of protrusions e mayved from the sample surface leaving some remnants at
the BOX/Si interface. Two examples are shown in Fig. 4 for
3Electronic mail: valery.afanasiev@fys.kuleuven.ac.be samples both implanted with 0.890'® O" cm 2 and an-
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FIG. 2. Density of protrusion&fter BOX removal in HF with (a) a height
larger than 40 nm angb) the mean height of the protrusions as a function of
O* dose in BOX layers annealed at 13(D), 1330(0J), and 1350 °QA)

for 8 h. In panel(b) the solid line represents the increasing BOX thickness
(dgox) with implantation dose; the solid symbols show the electric break-
down field for the samples annealed at 1350 °C.

SiO, precipitates, of ribbonlike oxide bands clearly visible
near the final stages of the PI&.The incorporation of Si
islands may thus be pictured as a result of the oxide ribbon
growth which, in turn, is driven by the volume increase as-
sociated with the SkSIiO, transformation. The latter results
in the compression of the adjacent Si cry§tahnd the rib-
FIG. 1. AFM images(three dimensional viewof the Si substrate surface bon formation can thus be pressure driven. Therefore, in ad-
(after BOX etch-off of SIMOX structures implanted witt) 0.39,(b) 0.49,  dition to Si inclusions in the BOX and the oxide phase with
and(c) 0.53¢ 10" O™ e, all annealed at 1350 °C for 8 h. reduced HF etching rate, this observation indicates that for
D>D,p the oxide precipitation occurs in different SIO
nealed at 1310 or 1350 °C. The former sample shows recphases. Two types of oxide precipitates are known to exist in
angular features aligned, again, alofid0 substrate direc- Czochralski grown Si crystals: amorphous SiPlatelets
tions, composed of Si) as revealed by their gradual with a(100) habit plane ang110-aligned coesite ribborfs®
elimination in HF. The second sample, in which “dissolu- The formation of coesite, a high pressure dense,SiO
tion” of the inhomogeneities takes place, shows doubletsolymorph? is favored by a high O oversaturation and a low
(A), triplets B), and quadrupletsQ) of SiO, platelets elon-  impurity content in the Si—conditions met in the SIMOX
gated along th€110 direction [Fig. 4(b)]. Noteworthy in  material’ Earlier we identified coesitelike oxide inclusions
this image is the inhomogeneity of larger sizB)(which in standard-dose SIMOX BOX, indicating a polymorphic ox-
appears to have a capping of HF resistant silicon. The regulade transition Although the present data do not provide
shape of the oxide particles and their orientation in registrycrystallographic identification, coesite appears to be the most
with the host Si crystal indicate the possibile epitaxial rela-probable candidate for the pressure-driven oxygen precipita-
tionship between the slowly etching Si@hase and the Si tion phase in Si.
substrate. A hypothetical scenario may be inferred from the present
The exponential increase of the protrusion densityobservations as follows. Initially, numerous amorphous,SiO
N(D)xexpD) [see Fig. Pa)] indicates that the formation of precipitates form a discontinuous oxide; in the top silicon
the Si islands is driven by the formation of the inclusionslayer a high density of threading dislocations is produced
themselvesdN/dDo«N(D). A significant related observa- allowing a partial accommodation of the internal strain.
tion coming from electron microscopy analysis indicates thafNext, upon the coalescence of the oxide precipitates into a
incorporation of the Si islands in the BOX f@>D,, cor-  continuous band, the dislocation density rapidly decréases
relates with the appearance, in addition to the conventionatausing an increase of internal compressive sti@essurg
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FIG. 3. AFM images(top view) of a BOX layer(a) thinned down from 110 ~ FIG. 4. AFM images(top view) of the Si substrate surface after BOX
to 50 nm and(b) subjected subsequently to a KOH etch in the structure removal for the structures implanted with 0:320'® O* cm~2 and annealed

implanted with 0.4% 10'8 O* cm™2 and annealed at 1330 °C for 8 h. Axis at (8 1310 and(b) 1350 °C for 8 h. Axis orientationx|[100], yI[010],
orientation:xlI[100], yll[010], zI[001]. z|I[001].

geneities as revealed by HF etching of the BOX. Thus, the

in the buried oxide and surrounding silicon. If not all of the distributi fint [ strain in the sil p blv af
implanted oxygen has yet been collected in the BOX, adgiieaistrioution ot internal strain in the stlicon favorably af-

. e g . - fects the incorporation of Si island in the BOX and may
tional precipitation of SiQribbons occurs locking Si islands improve the quality of SIMOX structures
into the SiQ and blocking Si outdiffusion. The pressure P quality ’
driven oxide precipitation constitutes a mechanism with a
positive feedback with respect to the implanted @ose,
thus explaining the results shown in FigaR S, Nakashima and K. Izumi, J. Mater. R85523(1993.
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