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Overpressurized bubbles versus voids formed in helium implanted
and annealed silicon
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The formation of helium induced cavities in silicon is studied as a function of implant elg&égy

and 40 keV and dose(1x10', 1x10% and 5<10 cm ?). Specimens are analyzed after
annealing800 °C, 10 min by transmission electron microscofyEM) and elastic recoil detection

(ERD). Cavity nucleation and growth phenomena are discussed in terms of three different regimes
depending on the implanted He content. For the low (D' cm™2) and high (5x10'® cm?)

doses our results are consistent with the information in the literature. However, at the medium dose
(1x10' cm™?), contrary to the gas release calculations which predict the formation of empty
cavities, ERD analysis shows that a measurable fraction of the implanted He is still present in the
annealed samples. In this case TEM analyses reveal that the cavities are surrounded by a strong
strain field contrast and dislocation loops are generated. The results obtained are discussed on the
basis of an alternative nucleation and growth behavior that allows the formation of bubbles in an
overpressurized state irrespective of the competition with the gas release proced4€97©
American Institute of Physic§S0003-695(97)01306-5

Helium is usually incorporated in solids as a result of In our experimentg100 oriented Si wafers were im-
nuclear or ion beam related processes. Due to its extremelglanted with Hé ions at room temperature using energies of
low solubility, He segregates into small gas-vacancy com40 and 40 keV and doses ofx110'® 1x10'® and 5
plexes, thus favoring the formation of bubblés., gas filled X 10'® c¢m 2. After implantation the wafers were furnace
cavitieg which inevitably coarsen upon high temperature an-annealed at 800 °C for 10 min in nitrogen. Cross sectional
nealing. As opposed to the case of metals, the He gas ittansmission electron microscogXTEM) and plan view
silicon can be released from the bubbles, permeate throughEM specimens were conventionally prepared and examined
the matrix, and evaporate from the surface at temperaturem a Philips CM 300 microscope. Elastic recoil detection
much lower than the Si melting point. In effect, depending(ERD) measurements were performed using a primary beam
on both the anneal parameters and gas concentration, oneds 35 MeV CI”" ions as described elsewhér@he depth
left with a system of voidgi.e., gas empty cavitiesThis  resolutionAx and the He detection sensitivity were 25 nm
behavior has been first studied by Grifficenal® in Siim-  and 0.1 at. %, respectively.
planted at high He doses and low energiggically 2 For the low dose of ¥ 10'® cm ™2 (peak He concentra-

X 10 ecm 2 and 10 keV. tion of 4x 10'° cm™3), no cavities were seen in either the as

More recently, Myerset al? have demonstrated that He implanted or annealed samples. This is consistent with pre-
induced cavities are very efficient in trapping metal impuri-vious work*®where the minimum He concentration required
ties such as Cu and Au. Their work has stimulated furtheto form He bubbles after annealing was estimated to be 3.5
exploration in this field with the aim of developing proximity x 10?° cm™3. At the medium dose of X 10 cm2 there
gettering techniques for very large scale integra@hSl)  was no clear evidence for the presence of cavities in the as
applications™® Most of these studies have concentrated orimplanted state. It is worth noting that cavities of a diameter
high dose implants producing a high number density of cavidb<1 nm cannot be clearly identified in thick TEM samples
ties. For VLSI devices, however, not only very low impurity because of the limited resolution of the kinematic outfocus
levels?® but also low defect densities are required. This im-imaging conditions and/or sample preparation peculiarities.
plies that, from the viewpoint of device processing optimiza-After annealing, however, a diluted system of large cavities
tion, it would be desirable to reduce the He dose necessary 9as observed. The dimensions and morphology of the cavity
create a local gettering void system. arrangements may change with implantation energy. XTEM

In the present letter we report experimental results shedmicrographs from the 10 keV implant revealed that cavities
ding new light on the He induced cavity phenomena in Siwere formed in a well-defined buried layer at a depth of 100
The emphasis of our study is placed on Si implanted witmm. A close inspection over individual sample regions
relatively low He doses where, after annealing, a rather lovshowed that the cavity diameter was in the range 19.5
number density of cavities is formed. Such structures are<d<31 nm with a mean valuéd,~26 nm and standard
further referred to as diluted cavity systems in order to dis-deviation o~4 nm. A buried layer of dislocation loops lo-
tinguish them from the above mentioned “condensed” onescated just below the cavity containing region was also evi-

dent.
30n leave from Depto. de Metalurgia—UFRGS, CxP 15051, 91501-970 Figure ](a)_is a plan VieW micrograph from the 40 keV,
Porto Alegre, RS, Brazil. Electronic mail: fichtner@if.ufrgs.br 1x10'® cm~2 implant showing a general appearance of the
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27.2<$d<75.3 with® ;=57 nm ande~9.5 nm. Figure ()
clearly demonstrates the presence of a strong strain field
around the planetary-like configurations and dislocation
loops running from the cavities. Such features have been
previously observed in the case of overpressurized bubbles,
i.e., when the gas pressure inside the bubble exceeds the
thermodynamic equilibrium conditiof Furthermore, to our
knowledge, neither strain fields nor dislocations can origi-
nate from voids or even form equilibrium bubblg®re equi-
librium means that the gas pressure inside the bubble is bal-
anced by the surface tension of the matrbtence, in light of

the above evidence, it is logical to consider that the observed
cavities for the 10 and 40 keV implants are not empty but are
rather filled with gas, i.e., these are bubbles in an overpres-
surized state. At the same time, it is important to point out
that, within the detection limit of ERD analysis, no He was
detected in the annealed sample for the 10 keV implant, and
only a small amount of He was measured for the 40 keV
implant, which can be attributed to the dilution of the
bubbled systems. In fact, from the plan view micrographs of
the 40 keV implants, the concentration of planetary-like
bubble arrangements was determined to be<2@® cm™2.
Thus, assuming that the total He content corresponds to the
He sensitivity limit of ERD (5<10'° He cmi ®), one arrives

at an average value of 32.0° He atoms per planetary
structure. For comparison, the He content inside an equilib-
rium bubble of a diametetb~57 nm calculated using the
real gas equation of stdtand a specific surface free energy
y=3 N m!for the Si matrix, is 1.5 10°. This means that

the average He content in the planetary structures is about a
factor of 2 larger than the amount expected for an equilib-
rium bubble with the same average size as the large ones in
the center of the planetary structures. Considering that the
He content within the satellite bubbles cannot be large, the
combined TEM and ERD results give further support to the
concept of overpressurized bubbles discussed above.

For the high dose of 510'® cm™2 the situation is quite
different. A dense array of small cavities within the
1.1=s®<4.5 nm range is already observed in the as im-
planted samples. Upon annealing the cavities grow and clus-
ter in a well defined buried layer, consistent with what is
FIG. 1. Plan view TEM micrograph showing a cavity system resulting from known about the He induced structures resulting from simi-
the 40 keV, 10" cm 2 implant after a 10 min, 800 °C anne&) Gen- gy implants. The mean diameters as well as the maximum
eral appearance of the cavities along with dislocation loops. Analysis con- . . . .
ditions: dynamic bright field image with electron beam parallel to(G0) and minimum cavity diameters for the 10 I_<eV |mplant are
axis, multibeam, underfocuéb) A typical large cavity surrounded by aring found to be 7.5, 2.9, and 17.2 nm, respectively. The largest
of smaller ones. Analysis conditions: kinematic bright field image, underfo-cavity diameter observed in the high dose case appears to be
cus. (c) A strain field contrast around the cavities and dislocation Ioopssma_"er than the smallest one for the medium dose case. This
(marked with an arroyvemerging from the strained structure. Analysis con- .
ditions: dynamic bright field with electron beam close to {80 lattice means that each dose used leads to the formation of a sub-
direction,g= 400, underfocus. stantially different cavity system, and the appropriate differ-
ences can be quite well represented by the mean diameter

) ) ) ) values. In the case of the 40 keV implabtwas in the range
cavity system together with a network of dislocation loops.1 g_18 5 nm and,, was 8.5 nm. Furthermore, for the high

A typical cavity arrangement observed in an enlarged microggge only a slight increagérom 7.5 to 8.5 nmin the mean
graph from the same implant is shown in Figbll The large  giameter was observed as the implant energy was increased
central cavities are always surrounded by a number ofrom 10 to 40 keV. Thus, with increasing energy, the differ-
smaller ones forming “planetary-like” cavity configurations. ences in cavity size, morphology, and spatial arrangement
It is interesting to note that the small cavities are preferenpetween the medium and the high dose cases become rather
tially distributed in a plane parallel to the sample surface anghoticeable. It must also be noted that no strain field features
are arranged within a well defined “ring” zone. The diam- associated with individual cavities were observed in con-
eter of the large central cavities was found to be in the rangdensed cavity systems. This reinforces the inference that
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such cavities are not bubbles in an overpressurized state abserved by Evanet al® in He implanted Mo samples. The
observed in diluted systems. The He content in the as imauthors argue that the platelet structures represent a very
planted and annealed samples for the 40 keV implantatiohigh He to vacancy ratio and also observe generation of dis-
was evaluated by ERD and it was found that about 20% ofocation and strain contrast around the platelets. In addition,
the implanted He was still present within the cavity layerthey find a transition from the platelet morphology into a
(not shown here According to the first order gas release group of several spherical bubbles of typical diameters
modet In(N/No)=—(3P/rR)exp(—E,/kT)t, where N is the  within the 2-3 nm range. In our case, one can assume that
number of He atoms that remain inside the bubligsis the ~ some more stable K&/, complexes are formed during im-
initial gas contentt is the time,P is the He permeation rate plantation. Upon annealing these may grow as a platelet
factor,R is the distance from the bubbles to the sample surbubble up to a given critical size where a transition from a
face,r is the mean bubble radius, afg is the permeability platelet to sphericallike morphology takes place. This mor-
activation energy. It should be pointed out that the constanphological change would also imply a transformation from
radius approximation leads to an overestimation of the calHe,V, structures containing a large He to vacancy ratio into
culated release time. Nevertheless, using our experimental real gas phase, which indeed can lead to overpressurized
valuesR~350 nm,r~4.2 nm, andN/N,~0.2, together with  bubble formation. It is also expected that the overpressurized
the parameters£,=1.7 and P=2.6X 108 nn?s ! taken bubble state lasts during a transition period dictated by the
from the literaturé’° the calculated value df=2.8x10? s finite rate values of the He release process, on the one hand,
is about half of the experimental one. Such a discrepancind by the supply of thermal vacancies, on the other. These
arises possibly from an inappropriate use of the parametef$/0 processes should be retarded when the bubble layer is
E, andP, which have been obtained under different experi-located at larger depths. In this sense, the above concepts are
mental conditions and within a temperature rangeconsistent with the experimental evidence for the accumula-
950-1200 °C° Indeed, recent He diffusion studies by tion of larger overpressure in the case of 40 keV implants as
Jund! have shown that when the He concentration exceedg§ompared with the 10 keV ones.
5x 10 cm 2 the He diffusivity is significantly reduced, es- In summary, we have studied cavity systems formed in
pecially for temperatures below 800 °C, due to He—He interSi by implanting Hé ions at 10 or 40 keV over a dose range
actions. In our case, the maximum He concentration for thd X 10*°~5x10'® cm™? followed by annealing at 800 °C for
5x 10 cm 2, 40 keV implant is 3.%10?* cm 3. Hence, 10 min. When the amount of implanted He is sufficiently
for such high concentrations, it is likely that not only the small or, alternatively, large enough, our results are consis-
He—He interactions but also interactions with He—vacancyent with those reported by other authors. However, for a
complexes influence the He permeation. This in turn mayritical dose corresponding to a maximum He concentration
explain the discrepancy between the calculated and exper®f 3.5X10°° cm™3, one observes a diluted system of large
mental results. and overpressurized bubbles. The formation of such bubbles

One can classify the cavity nucleation and growth pheannot be consistently explained in terms of the conventional
nomena in He implanted and annealed Si in terms of threBubble coarsening mechanisms. Instead, we have proposed
different regimes depending on the implanted He contentan alternative evolution route based on the concept of forma-
The low He concentration regime is characterized by thdion of plateletlike, He filled structures with a subsequent
formation of small He-vacancyHe,V,) complexes which transition into sphericallike morphology.
may dissociate at rather low temperature@_g” Two of us (P.F.P.F. and J.R.KWOU|d like to acknowl-
T~250°0, as found by Van Veeret al!? The high He edge support from Alexander von Humboldt Foundation and
concentration regime can be characterized by the formatiokNPgq—Brazil, respectively.
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ing temperature, bubble coarsening takes place simulta; o
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planted samples. However, it is reasonable to assume that, ify. campisano, J. Appl. Phy@8, 3727(1995.
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