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Abstract

Transmission electron microscopy (TEM) has been used to study the effects of implanted oxygen

or carbon on the dynamics of cavity growth in silicon, The cavities are produced by implantation

with helium ions followed by annealing to convert small He-filled bubbles into large empty voids.

In an attempt to separate the effect of radiation damage, inevitably introduced when implanting the

impurities, from the effect of the mere presence of the impurities in the silicon, we have also

investigated the effects of self-ion damage on cavity growth. Both impurities and self ion damage

significantly inhibit void growth. In addition, hot stage TEM has been used to elucidate the

processes responsible for cavity growth in an attempt to understand the way in which both

impurities and radiation damage are able to modify those processes. Cavity growth is seen to be due

to Ostwald ripening and coalescence in the early stages with some sporadic, rapid motion of large

bubbles leading to coalescence at higher temperatures. Our research indicates that void dynamics in

silicon are quite different from those in metallic systems.
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Introduction

Impurities are unintentionally introduced into silicon at all production stages of microelectronic

devices. Although bulk impurity concentrations are generally very low, impurities tend to

accumulate in active regions of devices leading to a local modification of both electrical and

mechanical properties which may result in faulty operation. To avoid this problem it is necessary to

produce safe gettering sites where impurities will preferentially accumulate and be stably bound

during both device production and operation. Significant efforts will be needed to lower the

concentration of transition metal impurities to levels required in future devices [1].

There are many ways to produce gettering sites in silicon and binding energies for different metal

impurities to the different sites vary considerably [2]. Recently it has been shown that voids created

by implantation of hydrogen and helium and subsequent annealing [3] could be effective gettering

sites for some metallic impurities [4-10]. It is believed that this process is driven by chemisorption

of the impurities on the internal walls of cavities [11]. The monovalent metals Cu and Au react with

the single dangling orbitals on the cavity wall, whereas high-valence metals such as Fe and Co

mostly form silicides but are, up to certain concentrations, also effectively gettered by voids [9, 10,

12]. In general, the binding energy to voids for many metals lies in the range 1.5 to 2.2 eV [11].

(Note that the energies referred to here are not resorption energies but the energy for re-solution of

the impurity into the silicon matrix).

The surface of a large facetted void in Si is generally observed to consist of {111} and {100}

facets, with essentially no {110} and {311} facets and without sharp corners [13]. Mossbauer

spectroscopy has shown that there are two distinguishable gettering sites on a void surface in

silicon [9]. One is characterised by a high binding energy and is thought to be associated with an

atomic step; the second has a lower binding energy and represents a site on a flat facet. Other work

has also shown that there is a clear correlation between gettering efficiency and void size [14] (or

strictly, mean size, as voids generally form with a range of sizes that depends on implantation and



annealing conditions). In particular, cavities with a mean diameter of 12 nm were observed to have a

binding energy 0.13 eV higher than cavities with a mean diameter of 31 nm.

The aim of the current project is to produce “tailored” void distributions with the highest possible

binding energy for transition metal impurities, The work, to date, has thus been concerned with

developing a suitable recipe for enabling small voids to survive high temperature anneals. In

addition we have focused on developing a fundamental understanding of the processes responsible

for void growth in silicon to enable us to understand the inhibitory processes.

In general, small helium-filled cavities (bubbles) with diameters up to 3.5 nm are observed in silicon

implanted at room temperature (@or to any annealing treatment) [3]. The dynamics of helium

release and cavity coarsening during high temperature annealing has been investigated by a number

of authors [3,6,15,16]. The mean void diameter is observed to increase with anneal temperature and,

by analogy with metals [17], it is believed that bubbles and voids migrate by internal surface

diffusion. During annealing, helium (unlike its behaviour in metals) is able to leave the cavities and

diffuse through the lattice to be released at the surface. Collisions between cavities during migration

results in coalescence leading to growth. Inhibition of cavity growth has been observed following

oxygen implantation and is believed to be due to suppression of surface diffusion and cavity

migration [18]. However, from the point of view of gettering, oxygen may not be an ideal impurity

to use to impede void growth as it has also been found to cause the ejection of Au from H-formed

cavities during annealing [19].

In this paper we firstly present results from experiments using cross-sectional TEM on the effects

of oxygen, carbon and self-ion radiation damage on cavity growth in bulk silicon during annealing.

Secondly we present work carried out in order to shed some light on cavity growth mechanism in

an attempt to understand the way in which the presence of impurities or self-ion induced radiation

damage in the vicinity of the growing cavities can inhibit their growth. This work consists of in-situ
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TEM annealing experiments on thin silicon specimens containing small helium bubbles in order to

follow the evolution of the bubbles into large facetted voids, Note that in this paper the word

“cavity” is used to refer to both a bubble, which contains helium, and a void, which does not.

Experimental

Specimens used in this study, apart from those used for in-situ annealing, were cut from SEMI

standard, double-side polished 300 pm thick, p-type (boron, up to 4 to 10 ohm cm) {100} floating

zone (Fz) silicon wafers. The oxygen and carbon content, as specified by the supplier, are less than

~x1016 atoms,cm3
. Specimens used for the in-situ annealing were single-side polished 400pm

thick p-type (boron, 80 to 160 ohm cm) {110} Czochralski (Cz) silicon wafers.

For the cross sectional work, ion implantations were carried out under a vacuum of 10-4 Pa with

hydrocarbon contamination minimised by the use of a liquid-nitrogen cooled baffle around the

specimen stage, Samples were tilted 7° from normal incidence to avoid channeling and were

mechanically scanned to give a uniform ion fluence across the specimen. He ion energy was 10 keV

13 2
and the He ion flux was kept constant at 3x1O ion/cm /see for all specimens. The implantation

regimes are tabulated in Table 1. Note that multiple energies were used for C and self-ion

irradiations in order to produce a relatively uniform impurity/damage distributions over the range of

the helium. Temperature during all implantations was within a few degrees of room temperature.

Bulk samples were annealed in a quartz tube furnace under a vacuum of 3X10-5 Pa with a liquid

nitrogen trap to minimise hydrocarbon contamination. Cross sectional samples were prepared for

TEM by microcleavage [20,21] and were examined in a JEOL 200CX microscope operating at 200

keV.

Specimens for the in situ annealing experiments were prepared by diamond core drilling 3 mm

disks from the wafers. These were then mechanically ground to a thickness of 200pm before being

dimpled and electrochemically jet thinned to perforation in a non-acid etch. To ensure that the bulk
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of the implanted He stopped in the pre-thinned specimens, He was implanted at 5 keVinto these

-6
specimens. Implantations were carried out at room temperature, under a residual vacuum of 10

Pa using a flux of 1x1O
13 2

ion/cm /sec. All results reported in this paper (in situ and ex-situ) are for

a helium dose of 5X1016 ions/cm2. In situ annealing experiments were carried out in a double tilt

heating holder in a Hitachi H-9000 TEM operating at 300 keV. Note that a 300 keV electron can

transfer up to 30 eV to a Si atom (a 200 keV electron can transfer up to 19 eV) and thus may

displace an atom off its lattice site; however, we are not aware of any effects caused by the electron

beam in the experiments reported here. All images in the present communication (on both

microscopes) were recorded with the electron beam close (within 4°) to a <110> pole and with the

objective lens underfocused slightly (typically by 1000 nm) in order to optimise void contrast.

Images were recorded either on photographic film or on S-VHS video tape, the latter by means of a

Gatan 622 camera and image intensification system with a frame rate of 30 per second. Images

were subsequently digitised after passing the video signal from tape through a running 4-frame

averager.

Results

The void distribution in a helium-implanted sample annealed at 900”C for 30 min is shown in Fig.1.

Most voids lie between 60 and 160 nm below the surface, with a low concentration of small voids

extending to the surface. Ion range calculations using the Monte Carlo code TRIM96 [22] (also

shown in the figure) indicate that voids do not form over the entire helium range distribution. This

is almost certainly due to the fact that He bubbles do not form below some critical He concentration

even after annealing [23]. The He concentration in the region beyond the void distribution in Fig. 1

is presumably below this critical value. This is in contrast to the behaviour of helium bubbles in

metals in which regions of lower helium concentration would generally contain a lower

concentration of smaller bubbles after annealing (i.e. no critical concentration for bubble

formation). Measurements on both as-implanted samples and samples annealed at lower

temperatures (to be published elsewhere) also show that the interface between the voids and the



underlying silicon is always very sharply defined and does not noticeably change its position

during annealing and void coarsening.

Growth Inhibition

The effect of pre-implantation with either oxygen or carbon ions (see Table 1 for details) on the

void size distribution following anneals to different temperatures is shown in Fig 2 a), b) and c) for

anneals to 900”C. The most marked changes in the size distribution occur following implantation

with O ions, however significant modifications are also observed following pre-implantation with C

ions. Both pre-implantation treatments result in much larger numbers of small bubbles surviving to

high temperatures. In the case of carbon pre-implantation, however, many larger voids are also

present.

Ion implantation inevitably creates radiation damage. In order to determine whether damage plays a

I role in the growth inhibition observed for both C and O pre-implantations, we have self ion-

1 irradiated the specimen with different Si energies both before and after He implantation. In all cases,

I this resulted in a significant reduction in the mean void size after anneal. An example of this effect

I is given in Fig. 2d (see Table 1 for details of pre-implantation). The damage has resulted in a

decrease in the mean void radius by a factor of two. The oxygen pre-implantation, however, yielded

a factor of 4 reduction in mean radius, despite the fact that the radiation damage produced by

oxygen was less than that produced by the self-ion irradiation. The presence of oxygen, therefore,

and not merely the lattice damage caused by its implantation, reduces void growth. An estimate of

the total internal void surface area leads to the conclusion that at most there should be only around

10% of a monolayer coverage of the void surface by the oxygen if all the implanted oxygen finds

its way to the internal surfaces.

The situation is less clear in the case of carbon. The size distributions in Fig. 3 suggest that carbon

has affected only a fraction of the He bubbles and that a large fraction coarsened as in the case of



pure He implantation. However, this effect is not due to partial overlap of the carbon and helium

range profiles as the carbon was implanted in a flat distribution spanning the helium distribution.

The co-existence of small and large cavities does not reduce the usefulness of the carbon

implantation as far as the gettering of transition metal impurities is concerned. Provided that some

significant fraction of the voids are small they will still provide more stable traps for transition

metals and this will be unaffected by the presence of larger voids. The surface area available in

small voids will of course be smaller in the carbon case, than in the case of oxygen but for the

small concentrations of impurities likely to be present in actual devices this may not be a problem.

In view of the fact that oxygen has been observed to be inimical to the gettering of Au by voids [19],

implantation of carbon ions to inhibit void growth maybe a more suitable treatment than oxygen.

The estimated number of displaced silicon atoms due to the relatively small silicon fluence used to

produce the distribution in Figure 2d, is approximately 10% of that due to the subsequent helium

irradiation. An increase of 10’%in the helium fluence would thus be expected to result in an

inhibition of void growth if the nature of the defects following irradiation with silicon and helium

were the same. This does not occur, indicating that damage resulting from the silicon irradiation

must be different in nature from that resulting from the helium implantation itself. At room

temperature, silicon irradiation can result in amorphisation of the implanted region, whereas a 10

keV helium implantation at room temperature will not result in amorphisation. Eaglesham and co-

workers [24] have shown that the so called “plus one” model provides a reasonably accurate

description of defects remaining after silicon implantation. On annealing to successively higher

temperatures, disorder, probably in the form of small interstitial-rich zones (which maybe

amorphous) in the as implanted material is converted firstly to rod-like <311> defects which are

interstitial in nature or into interstitial dislocation loops for higher dose implantations. The number

of interstitial remaining in these defects after annealing corresponds essentially to one silicon

interstitial (or more accurately 1.5) for each impinging silicon ion. The high temperature release of

interstitial from such defects is thought to be the origin of transient enhanced diffusion. In the



present experiments, we estimate our as implanted helium bubble concentration to be approximately

5 x 1013 bubbles/cm2 compared with approximately 1.5x 1015 Si/cm2 interstitial remaining in

defects according to the “plus one” model. On interstitial release from the defects, at a temperature

when voids are growing, there are thus approximately 30 Si interstitial per initial bubble. As the

interstitial diffuse through the specimen and trap in the cavities they would be expected to greatly

reduce cavity sizes giving rise to the overall reduction in void volume observed after annealing.

Although no similar detailed analysis has been carried out of damage resulting from helium

irradiation, helium and other light ions, with their more dilute collision cascades certainly do not

produce small amorphous zones at room temperature. The relatively high concentration of “stored”

interstitial may not result from the light ion damage so that “transient enhanced” void annihilation

does not take place as a result.

Observations of cavity growth

The cavity size distributions shown in Fig 2, indicate clearly that cavity growth on annealing to high

temperature can be significantly modified by the presence of impurities or radiation damage in the

implanted area. To understand why this occurs requires a general understanding of cavity growth

processes in silicon.

An equilibrium bubble is generally a neutral sink for vacancies and interstitial but in metals,

thermal bubble growth can occur when defects such as dislocations act as preferential sinks for

interstitial, allowing more vacancies than interstitial to be absorbed by a bubble. Growth will also

occur by coalescence when growing bubbles come into contact with each other – a process which is

greatly enhanced at higher temperatures by bubble motion. Thermally induced, random migration of

cavities occurs (in metals) as a consequence of both bulk and surface diffusion processes. The

activation energy for self diffusion in Si has reecently been measured to be 4.75 eV [25]. With such



a high activation energy, the contribution of bulk self diffusion to bubble motion in Si will be

negligible at the temperatures used in this work. As far as surface diffusion processes are

concerned there is some disagreement in the literature regarding the appropriate activation energy.

STM measurements yield vacancy dimer diffusion energies of 1.7 eV [26] and 2.1 eV [27] for

surface diffusion on a (100) surface and somewhat lower values for the (111) surface. Motion of a

cavity will be limited by the facet with the least surface mobility.

If the appropriate activation energy for surface diffusion, Es, and the jump attempt rate IJo are

known then the resulting rate of cavity motion during the time to capture a video frame (1/30 see) is

given by [28]:

2 (A/N) {30 WOexp(-WlcT) (1)

where L is the atomic jump distance, N is the number of vacancies in the cavity and k is

Boltzmann’s constant. On the basis of equation 1, the rate of cavity movement @ejected on to a
13 s-l has been used in both

plane) versus cavity radius is shown in Fig. 3. (A value for V. of 10

cases). Note that the rate of movement refers to the distance moved by the cavity along its random

path (as measured by a frame by frame analysis of video recordings).

For the lower activation energy of 1.7 eV, 1 nm cavities would be expected to migrate significantly

at temperatures of 700”C and above. For instance a 10 minute anneal at 700°C would be expected to

result in a motion along the path of 900 nm, and this rises to 2400 nm for a 10 minute anneal at

800”C. For the higher activation energy, the figures are approximately a factor of 5 lower but clearly

the the smallest cavities would be expected to be mobile at temperatures of 700”C and above. For

larger cavities (< 3nm in radius, say) and assuming the lower activation energy, some mobility is to

be expected at 700”C (less than 1 &s) but at 800”C a 3 nm cavity might be expected to migrate a

few tens of nanometres in the course of a ten minute anneal. For an activation energy of 2.1 this

would be reduced by approximately an order of magnitude.



Helium bubbles formed by implantation of pre-thinned Si were annealed in-situ in the TEM.

Images recorded on video tape were subsequently examined frame by frame. Contrary to

expectations, motion of small bubbles was in general not observed. Instead, bubbles on average

were observed to increase in size, sometimes coalescing when their larger size resulted in contact

with a neighboring bubble. Bubbles were also observed both to disappear and form (without

motion) during a slow temperature ramp from 663°C to 694°C over a period of 6 minutes. This is

illustrated in Fig. 4 where video frames recorded 6 minutes apart are shown. The bubble just to the

left of the “X” in Fig, 4b is not visible in Fig. 4a and was seen simple to “fade in” on the video

recording. On the other hand the bubble just to the left of the “Y” in Fig. 4a was observed to “fade

out” on the video recording and is not present in Fig. 4b. In general, small bubbles seem to form

when very small patches of background contrast appear to coalesce – this can be seen in the case of

the bubble which appeared between frames just left of the “Z” on Fig. 4b and which seemed to

result from the aggregation of three small patches of contrast.

In general small bubbles may thus either appear or disappear, but on average bubbles increase in

size and decrease in number during this phase of the growth process implying that Ostwald

ripening is taking place.

At 800°C, if surface diffusion with an activation energy as low as 1.7 eV is taking place then

significant (Brownian) motion of small bubbles is to be expected. In fact during several annealing

experiments to temperatures as high as 850°C we observed no such motion of small bubbles.

However, larger cavities were observed occasionally and sporadically to migrate rapidly over

distances up to 50 nm before coalescing on contact with other cavities. An example of this is

illustrated in figure 5 where the cavity (radius 3.5.nm) marked “A” moves and coalesces to form the

large cavity in the top right-hand corner of Figure 5d. The temperature during this sequence is

constant at 840°C. Analysis of videotaped recordings of many such events reveals that the motion is

jerky, with the cavity moving in steps of up to 5nm. During each step the cavity moves at a rate of



5–10 &s which is somewhat faster than predicted by Fig. 3 for the lower activated process

(-1 A/s),

Sporadic motion is difficult to understand, particularly given the apparent lack of mobility of small

bubbles in general which would imply higher values for the activation energy for surface diffusion

than those used in Fig. 3. At the temperature at which the sporadic motion of larger bubbles is

observed, extended defects are also annealing. For instance, {31 1} defects maybe converting into

Frank loops, and loops may be dissociating. We speculate that the cavity motion maybe associated

with such processes taking place in the vicinity of the cavity. We have also observed identical

behaviour for Ne bubbles in Si in the same temperature range. Further research is underway ont

this topic.

Conclusions

Growth of He bubbles in Si into voids is inhibited by the implantation of carbon or oxygen or by

self-ion damage in the region of the implanted helium from implanted Si or impurities. The effect is

greatest for oxygen. The inhibition due to radiation damage can be understood in terms of

interaction of the cavities with silicon self-interstitials. The observed inhibition due to the presence

of impurities, however, cannot be due to the reduction of cavity motion caused by the presence of

impurities in the cavity surface, as has been suggested, as motion does not play any role in the early

stages of cavity growth, The activation energy for surface diffusion on cavity surfaces would thus

appear to be somewhat higher than the values deduced from STM measurements on flat UHV

external surfaces. Bubble growth appears to be due primarily to Ostwald ripening. We speculate,

that the impurities O and C may in fact impede the diffusion of helium and vacancy clusters and

that this may inhibit the ripening process. Sporadic, rapid motion has been observed to result in

coalescence and growth for a small number of cavities at high temperatures. This latter effect is not

understood but may be associated with the behaviour of nearby extended defects. It is perhaps also



worth noting that voids in addition to being traps for impurities are also traps for silicon self

interstitial and could perhaps be used to limit transient enhanced diffusion.
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Table 1 Energy and doses used for helium implantations and various pre-implantations.
Multiple implants of Canal Siwereused toproduce flat-topped impurity/damage profiles.

Energy (keV) Dose (ions/cm2)

Helium 10 5 .0x 1016

Oxygen 45 5 .0x 1014

Carbon 50 1,0 X1015
10 3.3 X1014
5 6.6 X1014

Silicon 135 1.0 X1015
(self-ion) 25 3.3 X1014
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Figure Captions

Fig.1 Comparison between range and damage distribution for 10 keV helium implanted into

silicon calculated using TRIM [22] with the void distribution seen in cross-sectional TEM

following a 30 minute anneal to 900”C.

Fig. 2. Void size distributions observed following different pre-implantations and a 30 minute

anneal at 900”C. See Table 1 for details of implantations.

Fig. 3. Calculated rate of movement of cavities due to surface diffusion as a function of radius for

different temperatures and for two activation energies for surface diffusion.

Fig. 4. Cavity evolution during a slow temperature ramp: a) T = 663°C b) image taken 6 minutes

later with T = 694”C. Scale marker represents 10 nm. See text for details.

Fig. 5. Motion of a large bubble (marked “X”) at 840”C. a) t = Os; b) t = 12s; c) t = 16s;

d) t = 27s. Scale marker indicates 10 nm.
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