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Abstract 

Cavity microstructures formed in Si after ion implantation of He and annealing at 700°C 
or above are examined with cross-section transmission electron microscopy. A threshold 
concentration of 1.6 at.% He is identified to form cavities that survive such anneals. The 
cavities coarsen with a constant volume of 15 nm3/nm2 (per wafer surface area), 
corresponding to -0.75 lattice sites per implanted He atom. The internal area of the 
cavities is 3-7 times that of the wafer surface area for fluences of lx1017 He/cm2. 
Transition metal atoms (Cu, Ni, Coy Fe, Au) are shown to be strongly trapped (1.5 - 2.2 
eV) on the cavity walls by chemisorption. Whereas Cu, Au and Ni are bound more 
strongly to the cavity sites than to their respective precipitated phases, Co and Fe are 
more strongly bound to their silicides; nonetheless, appreciable trapping of Co and Fe 
does occur in equilibrium with the silicides. Cavity trapping appears to be an effective 
gettering mechanism at low impurity levels, as needed to meet future microelectronics 
device requirements. 

Introduction 

Transition-metal impurities are known to cause detrimental effects in Si microelectronics, 
and gettering is used to reduce their concentrations in device regions [ 1, and a series of articles in 
21. Most methods presently in use are based on inducing precipitation of metal silicides [l], 
which can reduce an impurity concentration down to its solid solubility, Csp. The solubilities of 
transition metals are found to be greater than 1012/cm3 at temperatures where measurable [3]. 
However, metallic impurity specifications are expected to be as low as lo9 atoms/cm3 for future 
devices [4]. Thus more effective gettering methods will be needed. A recently identified method 
is to implant Cy which has been found to bind Au and Cu strongly [SI. These doped layers are 
currently being evaluated to quanti@ their gettering efficacy and to learn the detailed atomic 
mechanism involved. 

Here we discuss our work investigating a new gettering mechanism, chemisorption on the 
walls of cavities formed by He implantation. Helium has a low solubility in Si and forms 
bubbles a few nanometers in diameter when implanted at room temperature [6,7]. Upon 
annealing at 700°C or higher, the He outgasses fiom the specimen, but the cavities formed persist 
and coarsen. Figure 1 shows two cross-section transmission electron microscopy (TEM) images 
of subsurface cavity layers formed by implanting lx1017 He/cm2 at 30 keV and subsequently 
annealing. For 700°C anneals, well defined cavities with 8.5 nm average diameter are observed 
in a subsurface layer between depths of 0.15 and 0.35 pm; the overlayer appears almost cavity 
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fiee. After the 900°C anneal the cavities are much larger, 20 nm average diameter. Facets are 
observed in both instances, with { 11 l} planes being dominant. The dangling bonds of the Si 
atoms on cavity walls are expected to be highly reactive, and as shown below, metal impurity 
atoms bind strongly to them [8-121. The cavities evolve with temperature, but persist even near 
1200°C as might be needed for device processing. Thus the cavity surface sites are reversible 
traps for metal impurities in the Si lattice. As a gettering mechanism, this trapping offers a 
distinct thermodynamic advantage over conventional precipitation mechanisms: trapping will 
persist at arbitrarily low concentrations, and maintain a constant proportionality between the 
amount of impurity remaining in solution and the fiactional occupation of the trapping sites. 
Moreover, He implantation and gettering on the fiont side of the wafer may be consistent with 
device production, which is important for future processing which requires lower temperatures 
and correspondingly reduced diffbsion distances available for gettering. 

We first discuss the threshold concentration for stable cavity formation and quanti@ the 
evolution of the cavity microstructure with annealing. Then experiments demonstrating that Cu 
is bound more strongly to cavity walls than to q-Cu3Si are summarized. Microstructural 
information is used with the amount of bound Cu to interpret the binding mechanism in this well 
studied example. The chemisorptions of Au and Ni to cavity walls are also stronger than the 
bindings to their precipitated phases. However, Ni exhibits a reduced level of trap saturation, 
which we interpret as due to an ordered Ni-Si surface structure on the cavity walls. Finally, 
cavity-wall trappings of Co and Fe are demonstrated, although at low coverages indicating that 
these metals are more strongly bound to their silicides than to cavities. While these elements 
provide a survey of trapping phenomena, they are also of direct interest to microelectronics 
technology. Commonly observed contaminants in devices include Cu, Ni, Co and Fe. Copper is 
of special concern because it is highly mobile in Si, and low concentrations of Cu can cause fatal 
defects in devices. 

Much of our work used an implantation energy of 30 keV to produce a peak He concentration 
well below the surface (Rp = 0.3 pm) and a cavity layer width (-0.2 pm; see Fig. 1) suitable for 
profiling metallic elements within it by Rutherford backscattering spectroscopy (RES) using 2.5 
MeV He. The metallic impurities were introduced by ion implantation at 150 keV into float- 
zone (FZ) Si. Since the amounts of trapped Fe and Co are too small to be detected with RBS, 
their profiles were obtained by secondary ion mass spectroscopy (SIMS) and sputter depth 
profiling. The SIMS concentrations were calibrated against standard samples prepared by ion 
implantation, and sputtered depths were calibrated against profilometry measurements of the 
depth. Cross-section TEM specimens were prepared by specialized metallographic polishing and 
ion milling [13]. The TEM images were obtained with 200 keV or 300 keV instruments capable 
of 0.27 nm or 0.23 nm resolution, respectively. To observe cavities with minimal contrast fiom 
the accompanying lattice damage, specimens were tilted fiom their [110] orientation by several 
degrees to reduce difficaction effects and imaged in an underfocussed condition to highlight the 
cavity edges with Fresnel contrast. 
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Cavity Formation and Evolution 

i i  

Lower He fluences than that of Fig. 1 were examined to identifl conditions for stable cavity 
formation after annealing 1/2 hr. at 700°C. Figure 2 shows lower-magnification cross-section 
TEM images with narrower cavity layers produced by implanting 1 ~ 1 0 ' ~  He/cm2 and 2 ~ 1 0 ' ~  
He/cm2. The lowest fluence formed an intermittent layer with clusters of cavities located at a 
depth of 0.3ym, while the higher fluence produced a continuous layer of cavities with a width of 
65 nm. These two results indicate that a threshold has been crossed with this increase in fluence. 
We interpret this threshold and the reduced width for 2 ~ 1 0 ' ~  He/cm2 as a concentration threshold 
for the formation of cavities that persist after the anneal. The threshold is between the peak 
concentrations of these two implantations; 0.9 at.% and 1.8 at.% He are redicted using the 
TRIM90 Monte Carlo simulation program [14]. The TRIM profile for 2x10 He/cm2 is shown 
in Fig. 3 after adjusting the TRIM depth scale and Rp by -10% to fit the observed cavity depth. 
Fitting the width of the cavity layer to this calculated profile gives a threshold concentration of C, 
= 1.6 at.% as shown in Fig. 3. Exceeding C, could also be the criterion for forming cavities after 
the implantation at room temperature; cavities 1-2 nm in diameter have been observed without 
annealing [ 151. 

7 6  

The threshold for stable cavity formation was also examined using 130 keV He implantation 
[16]. An incomplete cavity layer was also observed for a fluence of 1 ~ 1 0 ' ~  He/cm2 after 
annealing at 700°C, while a continuous cavity layer was again observed for 2 ~ 1 0 ' ~  He/cm2. In 
addition, a fluence of lx1015 He/cm2 produced no evidence for cavity formation, and did not 
produce detectable dislocations in cross-section TEM examination. 

Lattice damage is closely associated with the cavity structures that survive annealing. The 
residual diffraction contrast in Fig. 2a indicates the presence of extended defects at the cavity 
clusters for the 1x1 0l6 He/cm2 implantation. Diffiaction contours encircle the clusters, indicating 
that there is significant strain around them. Imaging with strongly diffiacting two-beam 
conditions for { 1 1 l} or (220) (not shown) clearly demonstrate extended lattice defects 
(dislocations andor planar faults) localized at each cluster. Such imaging with the 2 ~ 1 0 ' ~  
He/cm2 specimen also shows damage continuously along the cavity layer, and extensive 
dislocation networks are seen among cavities in layers implanted with lx1017 He/cm2 . 

Defects are expected to play an important role in nucleating bubbles and forming stable 
cavities. The details of the process are not known, but certain features appear likely to influence 
the process and the nucleation threshold. Since the observed threshold is far above the solubility 
of He in Si; bubble formation is thermodynamically allowed at much lower concentrations, but is 
apparently inhibited. A plausible scenario is that He atoms implanted to concentrations below C, 
are trapped in isolation from each other by lattice damage produced by the implantation, and are 
unable to accumulate into bubbles. As more He is implanted, these damage sites become 
saturated and additional He atoms accumulate at existing He sites; defects with open volume 
should be favored as trapping centers. For concentrations above C,, these sites serve as 
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nucleation centers for bubbles, which probably form at room temperature [13]. The remaining 
isolated He is known to become mobile on heating to 700°C [6,7], and can contribute to 
enlar ing the bubbles, if it encounters them. If too few nucleation centers are present, as for the 
1x10 He/cm2 fluence, much of the He will diffuse out of the specimen during the anneal 
without enlarging the bubbles. 

76 

The formation of bubbles requires removing atoms to make cavities in the Si. Two possible 
mechanisms for forming the open volume can be recognized: isolated vacancies could collect at 
bubbles to reduce the compressive strain in the lattice around them, or interstitial dislocation 
loops could be “punched” fiom the bubbles to relieve their high internal pressures [17]. 
Although a continuous cavity layer is not formed for the 1 ~ 1 0 ’ ~  He/cm2, the isolated cavities 
allow apparent nucleation sites to be observed with less interference from neighboring sites. The 
extended lattice damage (dislocations and planar defects) centered on each site may be evidence 
of loop punching. It is notable that some clusters have a larger central cavity surrounded by 
smaller ones, suggesting a cooperative nature to bubble nucleation. 

Cavity Evolution and Thermal Stability 

Using TEM to quantitatively evaluate the microstructure provides additional insight into 
cavity evolution. The number of cavities and their area and volume were obtained by counting 
and sizing them in cross-section images; these quantities were normalized to the fiont wafer area 
by measuring specimen thickness using diffiaction thickness fiinges [13] or convergent-beam 
diffiaction methods [18]. A size distribution with 2 nm increments was made using each cavity’s 
largest observed diameter, since it is readily identified for all cavities. The distribution for an 
anneal of 10 hours at 800°C is shown in Fig. 4. Volume and area were then computed fiom such 
distributions by ignoring any assymmetries and treating all the cavities as spheres. Table I 
summarizes this information for two fluences and several anneal temperatures. The cavity 
volume (per wafer fiont-surface area) for our highest fluence, lx1017 He/cm2, is essentially 
constant (within experimental uncertainty of about 15%) at temperatures 2 700°C where the He 
has been released; we take 15 nm3/nm2, obtained at 900°C where the cavities are largest and 
errors are less likely. Using the density of Si ( 5 . 0 ~ 1 0 ~ ~  Si/cm3) with this volume gives 0 .75~10’~ 
lattice sites/cm2, or 0.75 sites per implanted He atom. This value indicates that the He density in 
cavities approaches that of solid Si. Another relevant comparison comes fiom the Van der Waals 
volume for He gas atoms [19]: 0.0237 literdmole, which gives a density of 2 . 5 ~ 1 0 ~ ~  He/cm3 if 
the gas were compressed to this “hard sphere” volume. An estimate of the He density in the 
cavities is obtained by dividing the fluence by the cavity volume, which gives 6 . 7 ~ 1 0 ~ ~  He/cm3. 
This value exceeds the density obtained fiom the Van der Waals gas parameter, which suggests 
that high pressures occurred during bubble formation, and cavity volume could have been 
produced by punching interstitial loops [17]. 

Coarsening of the cavities with increasing temperature is apparent in Fig. 1, and for constant 
volume the surface area decreases as seen in Table I. The cavity distribution in Fig. 4 peaks at 
small sizes (12 nm) and slowly decreases to zero at about 40 nm. Such a distribution is skewed 
in the opposite direction for conventional second-phase ripening; in that case, smaller 
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precipitates dissolve and their solute diffuses to larger ones, while the distribution becomes 
skewed toward larger sizes [20]. The distribution in Fig. 4 thus drgues against growth of cavities 
by preferential dissolution of vacancies (which would be the "solute" here) fiom small cavities 
and ripening of larger ones. Instead, cavities enlarge by migrating into one another and 
coalescing, as observed directly by in situ heating of He-implanted Si by Griffioen et al. [6]. In 
some of our images elongated cavities are be seen (see Fig. lb) and may have resulted fiom a 
recent coalescence. Such migration occurs by internal surface diffusion of atoms between the 
walls of the cavities. 

More can be learned about the critical He concentration by considering the cavity volume for 
the 2 ~ 1 0 ' ~  He/cm2 fluence. Using all the implanted He, this volume corresponds to 0.56 sites per 
implanted He atom, close to that for lx1017 He/cm2. However, 80% of the He distribution is 
outside the depth interval where cavities are found to remain after annealing; see Figs 2b and 3. 
If only the He within this interval were used, the volume per atom would be far greater than for 
lx1017 He/cm2 (2.8 vs. 0.75). This implies that when He located at depths with concentrations 
below Ct = 1.7 at.% becomes mobile as the temperature rises, it also collects into bubbles and 
increases their volume. All the He returns to solution and diffuses out of the specimen when 
temperatures of 700°C or higher are reached. 

Two observations indicate the thermal stability of the cavities. First, the cavity volume is 
constant for anneals up to 900°C. This indicates that Si interstitials, which must be present after 
cavity formation, are not refilling the cavities; since the average cavity diameter is larger at 
lOOO"C, refilling apparently does not occur below this temperature. Second, Fig. 5 shows a 
cross-section TEM image for 2 ~ 1 0 ' ~  He/cm2 implanted at 130 keV and subsequently annealed 
112 hr. at 700°C in dry 02. Cavities fiom this treatment are formed in a continuous layer at 0.7 
pm depth, as expected for the He projected range. This specimen was subsequently baked in H2 
gas for 5 minutes at 11 80°C to remove surface oxide and then a 1.5 pm overlayer of epitaxial Si 
was grown by chemical vapor deposition at 1120°C. Cavities and their associated dislocations 
are still seen at their original implanted position, now 2.2 pm below the surface. The cavity 
volume was not quantitatively analyzed, but it is clear that the cavities survived this treatment, 
one of the highest-temperature processes for Si devices. A more complete microstructural 
investigation of He implantation and cavities relating to device processing will be given 
elsewhere [ 161. 
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Monolayer Binding on Cavity Walls: Cu and Au 

The quantitative evaluation of solute transport in Si requires mathematical modeling of 
several thermodynamic reactions and the kinetic processes controlling them. Diffusion must be 
treated both in pure Si and in the presence of the trapping sites. We have developed such a 
model which includes source terms in the diffusion equation to account for exchange of solute 
atoms between trapping sites and mobile solution sites [21]. The trapping sites are given a depth 
dependence which accounts for the He projected range and the cavity distribution width seen in 
Fig. 1, and can handle transport fiom silicide to cavities on the opposite side of the wafer. The 
solute transport is then obtained through numerical solution using finite depth increments and 
sufficiently small time increments to obtain convergence. At the precipitates, a condition of 
"near equilibrium" is maintained locally between the precipitated phase and the solid solution; a 
similar equilibration occurs around the cavities between the solid solution and the trapped solute. 
The two equations governing these equilibria are: 

for solid solution and precipitates, where C, is the solution concentration expressed as an atomic 
fraction, C, is a temperature-independent factor, and Q, is the binding energy relative to solution, 
and 

for solution and traps, where 0 is the average fractional occupancy of the traps. In implementing 
(2), it is assumed that cavity surface binding sites are not influenced by the occupation of 
neighboring sites. The physical picture is one of independent, single-atom trapping sites. Note 
that C,, is the solid solubility of the silicide phase and is independent of the number of 
precipitated atoms , while C,, oc 0 for 0 << 1, demonstrating that the solution concentration can 
be reduced below the solid solubility, provided Qt is greater than kT and the trap sites are not 
saturated. With this modeling, solute transport can be checked against known solubilities and 
diffusivities, and bonding strength evaluated relative to solution. 

Csp = Coex~(-QPflcT) (1) 

Cst = { ~ / [ ~ - ~ I W P ( - Q & T >  (2) 

Chemisorption of Cu on Cavity Walls 

Copper was chosen to be studied first because it has the highest diffusivity of the transition 
elements [3] and moves readily through wafers at temperatures as low as 600°C. The strong 
binding of Cu to cavity surface sites is clearly demonstrated with the following experiment. 
First, cavities were formed by implanting 1 ~ 1 0 ' ~  He/cm2 at 30 keV into one side of the wafer and 
annealing at 1/2 hr. at 700°C. Next, silicide is formed on the other side of the 250 pm-thick 
wafer by implanting lxlO" Cu/cm2 at 150 keV and annealing at 600°C. This produces a peak 
Cu concentration of 10 at.% at a depth of 62 nm. Electron diffraction fiom the near-surface layer 
of a plan-view specimen annealed for 6 hours at 600°C gives the ring pattern shown in Fig. 6 [SI. 
The brightest rings are due to Si and are indicated with arrows. The remaining rings are listed in 
columns 1 and 2 of Table I1 and match those calculated for Cu3Si (column 3) using the basic 
hexagonal unit cell (a = 4.04 ,8,, c = 2.44 ,8,) of Weber et al [22] to describe the q phase. 
Additional lattice spacings in Fig. 6 and seen by others [23] (see column 4 of Table 11) are 
apparently due to the ordering reactions that occur (q + ql + q") when the silicide is cooled to 
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room temperature. The polycrystals of Si and q-Cu3Si in the implanted layer are misoriented 
with respect to the single-crystal substrate, and are formed by amorphization of the Si by the Cu 
implant and the crystallization of the layer during the anneal. The crystals of Cu3Si in the surface 
layer were also identified in a cross-section specimen using diffraction and dark-field imaging 
[SI. 

The buildup of Cu at the cavities on the opposite side of the wafer was monitored during 
annealing at 600°C with RBS, and the depth-integrated amount is lotted versus time in Fig. 7. 
The amount first increases linearly and then saturates at 4.8~10 Cu/cm2. The initial linear 
increase can be checked with expected solute transport from the silicide layer across the 250 pm- 
thick wafer to the cavities. The solid line in Fig. 7 was fitted to the data by adjusting the 
difisivity and solubility of Cu in Si. The values obtained are in good agreement with published 
values for these parameters at 600°C [l 11, including the heat of solution, Q, = 1.7 eV, relative to 
Cu3Si. The saturation level in Fig. 7 is compared in Table I with the expected number of 
bonding sites available, as obtained by using the TEM-measured cavity surface area and 
assuming 7 Si bonds/nm2 as available on { 11 1 } or 1x2 reconstructed {loo} Si surfaces. The 
rather exact agreement with prediction is fortuitous given the 15% uncertainty in the TEM 
measurement, but is strong support for chemisorption bonding of Cu on the cavity walls, as 
assumed in the Introduction. 

I!? 

To confirm this trapping mechanism and demonstrate the -1 monolayer (ML) coverage, the 
experiment was repeated using the same implantations but annealing the cavities 1 hr. at 900°C 
to enlarge them. After a 26 hr. anneal at 600°C to saturate the cavities with Cu, the amount of 
trapped Cu was again found to agree with the number of sites predicted using the area measured 
with TEM, as seen in Table I. A cross-section TEM specimen was prepared to examine the 
cavities saturated with Cu. Second phases were searched for using diffraction and its contrast in 
bright-field images, but were not detected. In another approach, we used lattice imaging through 
cavities to look for new lattice spacings; as seen in Fig. 8, the image shows only the lattice 
periodicity of Si, with an abrupt change in contrast at the cavity wall. In some cases, one atomic 
layer with darker contrast was observed on { 11 l} facet planes, which could be due to trapped Cu 
or perhaps a reconstruction of the surface. The { 1 lo} planes were also prominent as facets in the 
images; detailed examination and comparison with faceting of empty cavities [24] suggests that 
when saturated with Cu, these planes may be slightly lower in relative free energy (w.r.t. { 11 1 }) 
than they were in empty cavities. The two (100) planes are seen on the cavity surface but 
exhibit rounding toward the { 11 1 } planes, just as for empty cavities; in some cases, { 3 1 1 } planes 
could be resolved between these two types of facets. Altogether, the faceting indicates that Cu is 
binding to { 1 1 1 } , { 1 lo} and { loo} planes on the cavity walls. 

The role of cavities in trapping Cu is also indicated by considering the trapped amount as a 
function of the He fluence. Shown in Fig. 9 are Cu depth profiles within the cavity layer for 
three fluences implanted at 30 keV. For lx1017 He/cm2, the Cu profile has a peak at the depth of 
the cavities (0.3 pm), and its width and shape (skewed toward greater depths) are as observed 
with TEM and predicted by TRIM. For 2 ~ 1 0 ' ~  He/cm2, the amount of Cu is reduced to 8 ~ 1 0 ' ~  
Cu/cm2, consistent with that predicted from the cavity area (Table I). Note that the Cu 

tms95cav.doc 2/8/95 



I 

8 

distribution is also narrower, in agreement with Fig. 2b. We attempted to fit this profile to a 
central portion of the TRIM profile obtained by assuming a threshold concentration as before. 
However, when the amount of trapped Cu is compared to the amount of He in this interval, too 
high a ratio results (0.35 Cu/He). When all the He ( 2 ~ 1 0 ' ~  He/cm2) is included, a ratio of 0.04 
Cu/He is obtained, in reasonable agreement with that for lx1017 He/cm2, 0.05 Cu/He. Such a 
comparison of Cu to He is valid since the cavity diameters (Table I) and thus the surface area/He 
atom are comparable for the two fluences. To fit the profiles, a threshold concentration was 
assumed; the best fit was obtained with a concentration of 1.25 at.% He, somewhat lower than 
found fiom TEM images of the cavity layer width. The resolution of RBS in measuring Cu, 
-10 nm, may result in a lower value being identified. Finally, Cu trapping was attempted with 
1x10'6He/cm2 but none was detected, in agreement with the very few cavities seen in Fig. 2a. 
This result indicates that at least - 2 ~ 1 0 ' ~  He/cm2 is needed to getter Cu effectively. 

- 

The buildup of Cu to the saturation level in Fig. 7 can be evaluated to obtain a lower limit on 
the binding energy, Q, 2 1.3 eV. Only a lower limit is obtained because near saturation 8 + 1 , 
and the divergence in Eq. (2) causes Qt to be very sensitive to small uncertainties in 8. We use a 
conservative estimate, 8 2 0.5, and then equate C and C,, in Eqs. (1) and (2), since silicides, 
solid solution, and trapped solute are all in equllibrium when saturation is achieved. This 
approach produces the lower bound on Qt. In another type of experiment [lo, 251 one cavity 
layer was saturated with Cu, and then a second layer introduced. We examined the temperature 
at which redistribution occurred and Q, is less sensitive to 8 to obtain Q, = 2.2k0.2 eV for the 
binding of isolated Cu atoms on the Si cavity surfaces. This rather large value indicates the 
efficacy of cavities as traps for Cu; moreover, the increased binding over that of the silicide is 
indicated by comparing to the heat of solution, 1.7 eV. 

?. 

Chemisorption of Au to Cavity Surfaces 

To study the binding of Au, 1 .6~10 '~  Au/cm2 were first implanted into (001) Si at 300 keV 
(Rp = 100 nm) and annealed 1 hr. at 850°C. The Au reacts with the Si to form molten liquid at 
temperatures above the eutectic point (363OC), according to their phase diagram [26 
solidification to Si and fcc Au is expected upon cooling to room temperature. Then, 1x10 
He/cm2 was implanted at 150 keV (Rp = 800 nm), and annealing at 850°C was continued to 
allow Au to diffuse fiom the implanted layer to the cavity layer ~ 7 0 0  nm deeper. The Au 
accumulated to the He layer in a depth profile that scales with that of the He, and saturated at 
3 . 2 ~ 1 0 ' ~  Au/cm2 after annealing 3 or more hours as seen in Fig. 10. The second set of data was 
obtained in a similar experiment but with annealing at 800°C. To fit the linear buildup of 
trapped Au at the cavities, we adjusted the diffusivity and solubility to obtain the solid line in 
Fig. 10. The two values fall between two reported values for the diffusivity/solubility product [4, 
271. As shown in Table I, the saturated level is consistent with the surface areas found for 
similar anneals in this temperature regime, assuming -1 AdSi atomic binding. While we have 
not examined detrapping of Au fiom cavities to quantify the binding energy precisely, a lower 
limit can again be obtained: Q, 2 2.0 eV. 

I; 
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These results indicate that the binding energy of Au is comparable to Cu, and that Au 
trapping also saturates at -1 ML cavity wall coverage. In work done by Wong-Leung et al. [28], 
the interaction of Au with cavities formed by implanting H has been studied in detail. In their 
experimental configuration, the Au migrates to the cavities and precipitates there, presumably via 
the eutectic reaction. We believe this observation does not contradict ours, but rather that the 
two results reflect the differing experimental configurations. In the work by Wong-Leung et al, 
the cavities are present before the Au becomes mobile and reacts with Si. Upon annealing the 
amorphous Au-implanted Si, crystallization occurs and is expected to produce a metastable 
supersaturated solution. The cavities are then an ideal nearby site to precipitate the Au, although 
some precipitation also occurs near the wafer surface. (Similarly, Cu,Si was observed for Cu 
when implanted near a pre-existing cavity layer [29].) In our case, the Au was deliberately “pre- 
reacted” to eliminate the metastable solution and the cavities subsequently introduced at a well- 
separated position; the Au then difhses in solid solution to them at a concentration governed by 
Eq. (l), followed by chemisorption trapping on the cavity walls. Precipitation at the cavities 
does not occur with our approach because the thermodynamic driving force to do so has been 
removed by reacting the Au and Si. 
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Trap Saturation at Lower Coverage: Ni 

For Cu and Au binding at cavities, -1 ML of solute can be bound to the cavity surfaces. as 
discussed above. Similar experiments were done with Ni, and the amount trapped at the cavities 
saturated at -1/20-th the amount for Cu, or 1 . 5 ~ 1 0 ' ~  Ni/cm2 in work at 700°C. Because silicide 
nucleation can be sluggish, TEM was used to verify that Nisi [26], had formed as required for 
thermodynamic equilibrium. In (001) Si implanted with 1x10 Ni/cm2 at 150 keV and annealed 
64 hours at 7OO0C, large particles of Nisi2 formed in the implanted surface layer, as seen in Fig. 
1 1. The microdiffraction patterns in Fig. 1 1 were obtained by tilting the particle to known zones 
for this fcc phase; the identification was confirmed by using energy-dispersive x-ray analysis to 
demonstrate the expected Ni content and to distinguish the particles from fcc (diamond) Si. 

?7 

This reduced amount of bound Ni can be understood in terms of findings with external Si 
surfaces. For Ni on { 11 1 } Si, a 419 ordered structure with 1 Ni atom per unit cell was identified 
at high coverages [30,3 11. Since { 11 l} planes are prominent cavity facets, we suggest that this 
structure formed on them; the lower saturated coverage is explained since the unit cell has 19 
times the area of unreconstructed Si. Such ordered surface phases are found for many metals on 
Si, including Co on { 11 l}, where a 47 phase with one solute atom per cell has been identified 
[32,33]. We can expect that at the high surface coverages in our experiments when the amount 
of trapped metal saturates, such surface phases will form. However, for gettering in wafers, we 
are interested in cavity surfaces with low coverages of isolated solutes, where the 
thermodynamics of trapping (Eq. (2)) apply to reduce the concentration remaining in solid 
solution, i.e., the "lattice gas" of isolated impurities found at low coverages. This is the state that 
initially traps solutes fiom solid solution, as in the linear buildup seen for small amounts of 
trapped solute, e.g., in Figs. 7 and 10. Such a state is expected to form for low concentrations of 
any solute on a surface before an ordered structure, in thermodynamic analogy with having 
impurities in solid solution up to a solubility limit, above which a second phase forms. This 
behavior is seen with external surfaces; for instance, at low coverages of Co, a cluster of Si atoms 
surrounds each Co atom. As the amount of Co is increased, these isolated structures eventually 
nucleate islands of the 47 phase with similar clusters in their unit cell. Similarly, both the low- 
coverage, non-interacting solute state and the high-coverage, ordered state have been observed 
for Ni [29]. and Fe [34]. The density of solute in these ordered states is a measure of the distance 
that non-interacting solute atoms can approach each other and still bind independently to the Si 
surfaces; we use it to estimate 0 in Eq. (2). When 0 is evaluated for Ni using a saturated 
coverage reduced by a factor of 1/19, a lower limit of Qt 2 1.5 eV can be obtained for its 
chemisorption energy. 

Our discussions of Cu and Au above assumed that they bound in a 1:l ratio with surface Si 
atoms, and the data in Table I indicate that this is essentially correct. However, for Cu on { 11 1 } 
Si, an ordered structure with an incommensurate periodicity of 5.55 unit cells has been identified 
with an -1 ML saturated coverage [35,36]. More than one ordered structure have been seen for 
Au on (111) Si [37], but the Au coverages are also expected to saturate -1 ML. Thus our 
observed saturation levels for these two impurities are consistent with their known ordered 
phases, if these phases formed on our cavity walls. 
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Strong Silicide Binding: Co and Fe 

To investigate the trapping of Co and Fe, we followed implantation and annealing schedules 
known from published findings to form silicides [38, 391. Iron was implanted at room 
temperature to a fluence of 5 ~ 1 0 ' ~  Fe/cm2 at 100 keV, followed by annealing 1 hr. at 520°C and 
then 2 hr. at 1000°C. Helium was then implanted into the opposite side of the wafer to 1 ~ 1 0 ' ~  
He/cm2 at 150 keV, and the specimen annealed for 2 hr. at 1000°C (1273 K) to transport Fe to 
the cavities and equilibrate with them. The Fe profile is shown in Fig. 12 , along with the He 
profile calculated using TRIM after scaling slightly to reduce the He range, as discussed above. 
The Fe peaks at the appropriate depth and has a shape conforming to the cavity distribution 
predicted by TRIM90, but the integrated amount is only 1 .2~10 '~  Fe/cm2, much less than found 
for Cu, Au or even Ni as discussed above. 

Cobalt was implanted to 5 ~ 1 0 ' ~  Co/cm2 at 100 keV and 350°C; the specimen was then 
annealed 1 hr. at 6OO0C, followed by 2 hr. at 900°C. Then lx1017 He/cm2 was implanted at 150 
keV into the opposite side of the wafer and the specimen annealed 2 hr. at 900°C (1173 K) to 
equilibrate with the cavities. The depth profile obtained by SIMS is again seen in Fig. 12 to 
conform to the expected He distribution, but the total amount is quite small, 6 . 6 ~ 1 0 ' ~  Co/cm2. 

In both cases, the amount of trapped solute is far less than a monolayer: 0.0062 ML Fe and 
0.0026 ML Co. Nonetheless, the cavities have been equilibrated with the silicides; Le., there has 
been sufficient diffusion to transport much more solute to the cavities than has accumulated. The 
small amount of trapped solute reflects a weaker binding to the traps than to the silicides. These 
metals have a large value for Q, in Eq. (l), which reduces C,,, and for a given value of Q, in Eq. 
(2), results in a small fraction (0) of traps being occupied. We equate C,, and C,, in Eqs. (1) and 
(2) to evaluate the equilibrium between silicide, solid solution and traps; as a first approximation 
to evaluating 0, the number of trapping sites calculated fiom the TEM cavity surface area (Table 
I) was reduced by a factor of 1/7 for Co to account for the expected 47 ordered structure on 
(111) facets [32,33] and by 112 for Fe [34]. We then obtained Q, -1.6 eV and -1.7 eV, 
respectively. Because the traps were only partially occupied, Qt is less sensitive to 0; 
nonetheless, since the saturated coverage is not certain, these values are not as accurately known 
as that for Cu. 
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Discussion 

We have shown that chemisorption on cavity walls binds Cu quite strongly relative to solid 
solution. We have used the measured binding energy to calculate the effects of cavity trapping 
on Cu impurities in Si, and find that the residual solute concentration is expected to be reduced 
by orders of magnitude after gettering. Cavity trapping is modeled in Fig. 13 using the 2.2 eV 
binding energy relative to solution, 5 ~ 1 0 ' ~  traps/cm2 achieved with a fluence of 1 ~ 1 0 ' ~  He/cm2 
and an anneal at 700"C, a 1 mm-thick wafer, and an anneal at 600°C to getter impurities. The 
solute concentration remaining after gettering is then times the initial value. Such a 
reduction is expected even for low initial concentrations. The solid solubility limit [40], which 
achievable by gettering methods relying on silicide precipitation, is also indicated and is seen to 
be much higher. If the initial Cu concentration is as high as -10'4/cm3, cavity gettering is 
predicted to reduce the solution concentration to -107/cm3, corresponding to an areal density of 
-10s/cm2 as required for future technologies [4]. To maintain effective gettering, the number of 
trapping sites must be large enough so that they do not become saturated. The TEM work with 
cavities indicates that concentrations >1.6 at.% He are needed to nucleate a continuous layer of 
cavities, corresponding to fluences of - 2 ~ 1 0 ' ~  He/cm2 or more. 

Table I11 summarizes our findings to date on solute trapping, and compares the chemisorption 
energy with the binding enthalpy in the precipitated phase [3]. The 3d transition elements form 
silicides, whereas Au undergoes a eutectic reaction with Si and forms a liquid alloy at the 
temperatures examined. The traps can be saturated with Cu, Ni or Au when gettering fiom their 
precipitated phases, although Ni saturates at a lower level, probably due to formation of an 
ordered surface phase on { 11 1 } facets. The heat of solution for silicides increases upon moving 
across the 3d transition element row fiom Cu and Ni to Co and Fe, and becomes larger than the 
trapping energy. Nonetheless, a substantial binding energy, -1.5 eV relative to solution, was 
determined and can permit significant reductions in impurity solution concentrations. 

Our work has concentrated on chemisorption binding because of its potential to reduce 
impurity concentrations in devices to very low levels. Other work has shown that cavities can 
act as precipitation sites for Au [28], and might be implemented using this mechanism. We infer 
that if cavities are introduced, they might be able to getter some species by chemisorption while 
reducing the levels of stronger silicide-formers like Co and Fe by providing improved 
precipitation sites for them. 

Another study at our laboratory [16] has examined cavity structures after device processing 
steps. This study was done using Czolchralski (CZ) Si wafers as would be used for device 
fabrication. The cavities persist at processing temperatures up to 11 8O"C, and Si can be grown 
epitaxially over them. For fluences 2 3 ~ 1 0 ' ~  He/cm2 at 130 keV, dislocations resulting fiom the 
He implantation remain near the cavity layer. The higher 0 content of this material and the 
mobility of the 0 interstitial must be considered for their effects on cavities at the high 
processing temperatures. To check the role of 0, SIMS profiling was done on cavities in the CZ 
Si after an anneal at 1050°C in dry 02. As seen in Fig. 14, 0 is also clearly gettered by the 
cavities; the double-peaked structure indicates that 0 gettered fiom the overlayer and the 
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substrate 
available 

bind tightly to the first cavity surface they encounter. The 0 reduces the number of 
binding sites on cavity walls that can be used to trap metal impurities, but substantial 

sites remain (-4x10l4/cm2) for a fluence of 5 ~ 1 0 ' ~  He/cm2. The cavities also influence the 
electrical properties of the Si in their vicinity because the dangling bonds can charge either 
positively by trapping electrons or negatively with holes [41]. The electrical perturbation in the 
Si extends fiom the cavity layer outward over the Debye screening distance. This distance varies 
with doping of the semiconductor and its carrier density, and spreading resistance measurements 
show that its influence extends to -1 pm for n-type Si with a carrier density -1014/cm3 [16]. 
Thus cavity layers need to be placed several microns away fiom active device regions. In other 
work [ 1 13 we have shown that introducing H into the cavity layer can displace trapped Cu. Thus 
if cavities are to be used to reduce impurity levels in devices, the gettering step must not be 
followed by other processing steps that could introduce H to the traps. The investigations of 
dislocation behavior, electrical perturbation, and interaction with other solutes (0 and H) indicate 
that many factors must be considered in detail before cavity gettering can be applied to devices. 
To date, however, this application still appears viable. 
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Figure Captions 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

Figure 10. 

[110] cross-section TEM image showing subsurface cavity layers formed by 
implanting lx1017 He/cm2 at 30 keV and annealing a) 1/2 hr. at 700°C and b) 1 hr. at 
900°C. a) was imaged at -1200 nm defocus and b) at -600 nm. The elongated cavity 
indicated with an arrow in b) may have been formed by coalescence. 

[110] cross-section TEM image of cavities in Si formed by implanting a) 1 ~ 1 0 ' ~  
He/cm2 and b) 2 ~ 1 0 ' ~  He/cm2 , both at 30 keV, and annealing 1/2 hr. at 700°C. a) 
was imaged at -1200 nm defocus and b) at -600 nm. 

Monte Carlo simulation of He depth distribution for 2 ~ 1 0 ' ~  He/cm2 implanted at 30 
keV, obtained using TRIM90 and scaled in depth to % = 300 nm. The dashed lines 
indicate the threshold concentration, 1.6 at.% He, inferred from the 65 nm cavity- 
layer thickness seen with TEM. 

Size Distribution of cavities obtained for lx1017 He/cm2 implanted at 30 keV and 
annealed 10 hr. at 800°C. 

[110] cross-section TEM image of cavities produced by implanting 2 ~ 1 0 ' ~  He/cm2 at 
130 keV and annealing 1/2 hr. at 700"C, followed by 5 minutes at 1180°C in H2, and 
growing 1.5 pm of epitaxial Si by CVD at 1120°C. (TEM image by T. J. Headley). 

Electron difficaction pattern taken from a plan-view specimen of (001) Si implanted 
with 1 ~ 1 0 ' ~  Cu/cm2 at 150 keV after annealing 6 hr. at 600°C. The bright rings 
(marked) are those of Si; the others fit q-Cu3Si, as shown in Table 11. 

Depth-integrated amount of Cu observed trapped at cavity layer after annealing for 
the indicated times at 873 K (600°C). The cavities were initially formed by ion 
implanting lx1017 He/cm2 at 30 keV and annealing 1/2 hr. at 700°C; the Cu was 
gettered from q-Cu3Si on the other side of the 250 pm-thick wafer. 

High-resolution (lattice) image of a cavity in Si formed by implanting He and 
annealing 1 hr. at 9OO"C, and then implanting Cu on the other side of the wafer and 
annealing 26 hr. at 600°C to saturate the cavities with trapped Cu. Prominent facets 
are indicated. 

Depth profiles of trapped Cu obtained with RBS for cavity layers formed with four 
implantation (all 30 kev) and anneal treatments: lx1017 He/cm2, 1/2 hr. at 700°C; 
1 ~ 1 0 ' ~  He/cm2, 1 hr. at 900°C; 2 ~ 1 0 ' ~  He/cm2, 1/2 hr. at 700°C; and 1 ~ 1 0 ' ~  He/cm2, 
1/2 hr at 700°C. 

Depth-integrated amount of Au observed trapped at cavity layer after annealing for 
the indicated times at 1073 K (800°C) and 1123 K (850°C). The cavities were 
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formed by ion implanting 1 ~ 1 0 ' ~  He/cm2 at 150 keV on the opposite side of the 250 
pm-thick wafer from the implanted Au. The solid lines show the initial buildup of 
trapped solute expected using accepted solubility and difisivity values in OUT 
model. 

Figure 11. a) Bright-field TEM image of Nisi2 particle in a layer on (001) Si implanted with 
l ~ l O ' ~ N i / c m ~  at 150 keV and annealed 64 hours at 700"C, b) [112], c) [lll] and d) 
[110] convergent beam microdifliaction patterns from the particle obtained after 
tilting through the correct angles for these zones of a fcc lattice. 

Figure 12. Depth profiles obtained with SIMS for Fe and Co in a cavity layer after gettering 
from their silicides on the opposite side of the wafer after 2 hr. at 1273 K (1000°C) 
and 2 hr. at 1173 K (9OO"C), respectively. The TRIM profile for the 1 ~ 1 0 ' ~  He/cm2 
implant at 150 keV is also shown. 

Figure 13. Predicted reduction in Cu solution concentration attained by introducing cavities into 
a 1 mm-thick Si wafer and gettering at 600°C. The solid solubility of Cu at this 
temperature is also indicated. 

Figure 14. Depth profile obtained with SIMS of 0 gettered to cavity layer formed by implanting 
5 ~ 1 0 ' ~  He/cm2 at 130 keV into CZ Si and annealing 1/2 hr. at 700°C followed by 1 
hr. at lOOO"C, both in dry 02. 
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Table I. Summary of Cavity Microstructures and Surface Trapping Sites 

Fluence: 2 ~ 1 0 ' ~  He/cm2 l~ lO '~He /cm~ 
Anneal: hr. 700°C ?4 hr. 700°C ?4 hr. 800°C 8 hr. 800°C 1 hr. 900°C ?4 hr. 1000°C 

Avg. Diameter (nm) 10.3 8.5 13.3 16 20 28 

a Areal Density 
of Cavities (cmm2) 2.6~10" 2 . 9 ~ 1 0 ' ~  6x10" 3.1~10" 

Cavity Volume per a 

Wafer Area (nm3/nm2) 2.3 12.4 

a Cavity Area to 
Wafer Area Ratio 0.9 6.7 

16 15 

4.5 3.7 

Calculated Trap Sites b 

per Wafer Area (cm-2) 0 . 6 ~ 1 0 ' ~  4 . 7 ~ 1 0 ' ~  3 . 2 ~ 1 0 ' ~  2.6~10" 

Trapped Solute per 
Wafer Area (at./cm2) 0 . 8 ~ 1 0 ' ~  Cu 4 . 8 ~ 1 0 ' ~  Cu 3.2x10l5Au 2.3~10" Cu 

Measured with TEM and normalized to the wafer fiont surface area. 
Uncertainties in area normalized measurements: k 25% for 2 ~ 1 0 ' ~  He/cm2, k 15% for lx1017 He/cm2. 
Cavitymafer Area Ratio multiplied by an assumed areal density of 7 sites/nm2. 
Saturated trapped amount of Cu or Au as measured with RBS. 
Au trapping was measured at a slightly higher temperature of 850°C. 

a 

C 

d 
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Table 11. Copper Silicide Diffraction 

Observed in Cu-Implanted Si 
w 
3.50 
3.24 
2.54 
2.45 
2.3 1 

2.12 

2.02 

1.83 
1.79 

1.43 

1.22 
1.17 

Intensity/Completeness 

very weak, partial ring 
very weak, partial ring 

weak, full ring 
weak, partial ring 

Hex. Cu3Si - (A) 
Calculated / Observed r221 

3.50 (roio)  

Y-CuqSi 
Ref. [23] 

- 

2.575 strong 
2.44 (0001) 

2.226 strong 
medium, partial ring 

strong, full ring 

- overlaps Si (1.920) - 
weak, partial ring 
weak, partial ring 
- overlaps Si (1.566) - 
medium, partial ring 

weak, partial ring 
medium, full ring 

2.02 (I 120) / 2.03 strong 
2.00 ( loi i ) /2 .01 strong 

1.75 (2020) 
1.56 (1121) 
1.42 (202 I) / 1.43 strong 

1.22 (0002) 
1.17 (3030) / 1.17 strong 

2.057 very strong 
2.022 strong 
1.993 strong 
1.893 very strong 

1.567 strong 
1.423 weak 
1.318 weak 
1.230 strong 
1.172, 1.165 weak; 
1.158 strong 
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Table HI. Summary of Solute Trapping Observations 

Metal Amount Trapped Solute i 1 1 1 1 Ordered Silicide *Chemisorbed 
(10'~ cm-2) (ML) Phase (ML) Enerw (eV) [3] Enerlrv (eV) 

c u  4800 1 .o -1 1.5-1.7 2.2k0.2 

22.0 t Au 3200 1 .o -1 -2.5 

Ni 150 0.057 1/19 1.7 21.5 

c o  7 0.0026 117 2.8 -1.7 

Fe 12 0.0062 -112 -2.9 -1.6 

* Cavity binding, expressed relative to solution in the Si lattice 
Molten Si-Au alloy at the measurement temperatures. 
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