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Chemical and electrical properties of cavities in silicon and aermanium 
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Abstract 

Cavities were formed in Si and Ge by He ion implantation and annealing, and resultant 

chemical and electrical properties were investigated. The dissociation energies for Si-H and 

Ge-H surface monohydride bonds were determined, showing that H chemisorption on Si is 

energetically stable with respect H2 gas whereas H chemisorption on Ge is not. Cavity walls in 

Si were found to trap transition metals strongly, suggesting application to impurity gettering in 

devices. Measurement and modeling of cavity electrical properties elucidated surface 

electronic states and indicated a potential for controlled electrical isolation in devices. 

I. Introduction 

Stable faceted cavities can be formed in Si [I-31 or Ge [4,5] by ion-implanting He to form 

bubbles and then annealing at temperatures 21000 K to remove damage, promote cavity 

enlargement and shape equilibration, and induce He permeation from the material. A 

representative microstructure is shown in Fig. I. The pristine internal surfaces of such voids 

have >1014 dangling orbitals per cm* after reconstruction, and this, coupled with the near 

absence of steric hindrance, leads to strong interactions with both solutes and charge carriers. 

In this paper we describe quantitative mechanistic studies of the reactions with cavities 
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of hydrogen, the metal solutes Fe, Co, Ni, Cu and Au, and charge carriers. In the case of H, 
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our principal motivation was to determine the strength of H binding on the Si and Ge surfaces, a 

property important to both passivation [6] and chemical vapor deposition [7] that has 

nevertheless proved inaccessible to ultrahigh-vacuum (UHV) experiments on external surfaces. 

Trapping of transition metals by cavities in Si may provide gettering that is superior to presently 
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used methods, which are mostly based on induced precipitation of metal-silicides [8]. The ASTER 
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electrical activity of cavities will constrain their proximity to devices in gettering applications but 

in other contexts may provide useful electrical isolation. 

2. Mathematical description of solute-bindina processes 

The quantitative interpretation of experimental data in this work required a mathematical 

model relating local binding mechanisms to the observed internal redistribution and external 

release of solute atoms. We constructed such a model as described elsewhere [9] by applying 

the diffusion equation with source terms to take account of the exchange of solute atoms 

between bound states and mobile solution sites. Here we omit most mathematical details and 

simply give equations for the solution concentration in equilibrium with the three types of bound 

state to be considered. Since equilibrium is closely approached locally in the vicinity of 

individual binding centers for conditions of interest, these equations convey the essential 

physical aspects of the model. For precipitation as a solid phase (p), such as a metal silicide, 

csp = Copexp(-Qp/kT) (1) 

where the solution concentration Cs is expressed as atomic fraction, Co is a temperature- 

independent prefactor, and Q is the binding energy relative to solution. If the precipitated phase 

is a diatomic gas (g), such as H2, 

Csg = COgFIRexp(-Qg/kT) (2) 

where F is the fugacity of the gas and equal to pressure at lower pressures. The equation for 

static trap sites (t) that are reversible, saturable, and independently acting is 

Cst = {e/[i - B]}exp(-Qt/kT) (3) 

where 8 is the average fractional occupancy of the traps, and the change in vibrational entropy 

between solution and the trapped state is neglected. 

In these studies we make the approximation that binding sites on the walls of cavities 

behave independently, so that occupation of one site does not influence the reactive properties 

of neighbors. Equation (3) then becomes applicable to solute trapping on cavity walls. The 
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corresponding physical picture lattice-gas chemisorption, as opposed, for example, to two- 

dimensional ordered islands on the internal surfaces. The approximation of noninteracting 

surface traps becomes increasingly accurate as I) solute-solute attraction becomes weak in 

comparison to the chemisorption energy, 2) fractional surface coverage decreases, and 3) 

temperature increases. 

Equations (1) and (3) differ in ways that have important consequences. For example, 

Csp is independent of the number of precipitated atoms, being in fact the thermodynamic solid 

solubility characteristic of the precipitated phase, whereas Cst cc 8 for 8 << 1. As a result, solid 

precipitates form only when the concentration of solute atoms exceeds Copexp(-Qp/kT), while 

trapping persists to arbitrarily small solute concentrations. Furthermore, when traps described 

by Eq. (3) are present at more than one location within the host, the dependence of Cst on 8 

provides a driving force for diffusive redistribution leading to equalization of 8. In contrast, for 

precipitation described by Eq. (1) in an isothermal solid, there is no driving force for phase 

dissolution in one location accompanied by growth in another. 

3. Interactions of H with cavities in Si and Ge 

We are concerned here with the stability of the most strongly bound, monohydride state 

of H on the semiconductor surfaces. The local atomic configuration consists of a surface Si or 

Ge atom attached to one H atom and also to three host atoms of the underlying substrate 

[6,10]. Conceptually, the dissociation energy of the semiconductor-H bond might be 

determined in two ways: first, by measurement of H thermal desorption from the surface, 

yielding a desorption activation energy that is related to the bond energy; and, second, by 

observation of thermodynamic equilibrium between the chemisorbed state and H2 gas, whose 

thermodynamics are well known. Both approaches encounter difficulties, however, when 

carried out on external surfaces in UHV. For thermal desorption from external surfaces, which 

occurs through endothermic dissociation of two semiconductor-H bonds and exothermic H-H 
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recombination, the relationship between the measured activation energy ED and the bond 

dissociation energy E6 is 

ED =2Eg - ER + EA 

where ER is the dissociation energy of H2, and EA is the activation energy for dissociative 

adsorption. While the adsorption barrier has not been directly measured, the observed difficulty 

of chemisorption from the molecular gas onto Si and Ge suggests that EA is not small. Hence, 

measurement of ED does not determine Eg. Moreover, the same adsorption barrier has 

precluded observation of thermodynamic equilibrium between externally chemisorbed H and H2 

gas at the low gas pressures consistent with clean surface conditions. 

Both of the above difficulties can be circumvented by using internal cavity surfaces. In 

the case of thermal release, the rate-controlling processes are now the promotion of H atoms 

from chemisorption to solution and subsequent diffusion to the surface, which can be modeled 

in terms of Eq. (3) and the independently known H diffusion coefficient. Moreover, a diffusion- 

mediated thermodynamic equilibrium between internally chemisorbed H and external H2 gas 

can be achieved by using sufficiently high gas pressures at elevated temperatures. We carried 

out both types of experiments on Si, utilizing nuclear-reaction-analysis (NRA) to monitor the 

amount of H in the cavity layer and Fourier-transform infrared spectroscopy (FTIR) to observe 

monohydride bonding on the internal surfaces [ 1 1 ,I 21. Thermal release yielded Qt = 2.1 kO.2 

eV expressed relative to H in solution in Si, or, equivalently, ED = 2.5 eV when the reference H 

state is the dissociated atom in vacuum. Equilibration with external gas yielded Qt = 2.2_+0.1 eV 

or ED = 2.6 eV, consistent with the above result. Since the dissociation energy of the H2 

molecule is 2.26 eV per atom, the chemisorbed state is energetically preferred to the gas. 

We have now carried out similar experiments on H in Ge with cavities [5]. Temperature- 

ramp data obtained using NRA are shown in Fig. 2, where the circles represent specimens with 

cavities and the triangles are from a reference sample having none. The H was introduced by 
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ion implantation, and, in the absence of cavities, the observed release reflects defect trapping. 

When cavities are present, the H is released in a single, sharply defined stage near 900 K, 

1 reflecting an interaction of H with the voids. 

The model curves in Fig. 2 were calculated [9] under the assumption that the H 

undergoes release by moving into solution from either H2 gas in the cavities (Eq. 2) or internal- 

surface chemisorption (Eq. 3) and diffusing to the external surface. Apart from the trial values 

of the internal-chemisorption bond dissociation energy listed on the figure, there are no free 

parameters; transmission electron microscopy (TEM) provided the combined cavity volume 

( 4 ~ 1 0 ~ ~  cm3 per cm2 of sample area) and number of chemisorption sites (3 x1015 per cm2 of 

sample area), and the H diffusion coefficient and solubility in equilibrium with H2 gas were taken 

from the literature [ I  31. The experimental data are seen to be described well by assuming that 

the bound H exists entirely as encapsulated H2 gas with no chemisorption occurring on the 

cavity walls. This is in marked contrast to our results for Si. It implies that ED 5 2.0 eV. 

I 

The predominance of the gas phase in Ge is reinforced by FTIR spectra shown in Fig. 3, 

which were obtained from specimens treated similarly to those of Fig. 2. In the absence of 

cavities, Si-H stretching vibrations associated with H-defect centers persist until the H is 

released from the material. In the presence of cavities, most of the IR absorption intensity is 

lost below 773 K, even though from Fig. 2 the H remains within the cavity layer until about 

900 K. This is explained by H2 formation within the cavities. 

The FTIR data for cavity-containing Ge annealed in the range 773-873 K retain low- 

amplitude features that correspond to a combination of the spectra reported for monohydrides 

on well characterized (1 1 1) and (1 00) Ge surfaces [ 14,151. This indicates that internal 

chemisorption is not entirely absent in the cavities; from the area under these spectral features, 

we estimate that about one chemisorption site in five is occupied. Given this, and taking into 

account the known total amount of H and the known cavity volume, Eqs. (2) and (3) can be 
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used to obtain ED 2: Qt = 1.9kO.2 eV. (Appreciable redistribution of H between cavity wall and 

encapsulated gas during cooling prior to FTlR analysis was taken into account.) Thus, 

chemisorption on the Ge surface is energetically unstable relative to the molecular gas. 

4. Getterina of transition metals bv cavities in Si 

The walls of cavities may bind metal impurities by chemisorption-like trapping involving 

coverages 5 1 monolayer (ML) and also by the nucleation and growth of three-dimensional 

silicide phases. These two processes have distinctive characteristics that make each of interest 

for impurity gettering in Si devices, so that the occurrence of both in cavities is fortunate. As 

discussed with reference to Eqs. (1) and (3), chemisorption trapping is expected to persist to 

infinitesimal solute concentrations, whereas silicide precipitation requires concentrations above 

the solid solubility. This is particularly significant for future technologies where impurity 

tolerances may decrease to IO9 atomskm3 [ 161. Moreover, given the propensity of metal 

impurities to precipitate in undesirable locations such as the gate-oxide interface, the ability of 

cavity-wall trapping to dissolve pre-existing silicides may prove advantageous. Chemisorption 

trapping saturates, however, while gettering by silicide precipitation in the cavities does not. As 

regards binding energy, the results discussed below indicate that chemisorption trapping is 

stronger than precipitation for some metals and weaker for others. Our studies have 

concentrated primarily on chemisorption trapping, which is the focus of the present discussion. 

Previously reported findings for Cu and Ni [17-201 are expanded here and extended to include 

Co, Fe, and Au. A complementary effort at the Australian National University (ANU) has 

investigated gettering by cavities formed by H ion implantation and has given particular 

attention to silicide precipitation into cavities from supersaturated solutions, which we have not 

examined 121-241. 

Trapping effects were separated from silicide formation in the cavities in these studies 

by using remotely located silicide precipitates as the source of metal atoms. As discussed in 

i 
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Sect. 2, there is no driving force for silicide dissolution in one region accompanied by 

precipitation of the same phase in another region. This approach is exemplified in Fig. 4, which 

plots the accumulation of Cu in cavities during heating at 873 K as measured by Rutherford 

backscattering spectrometry (RBS). The source of the Cu is a precipitated layer of CugSi, 

formed on the opposite side of the wafer by ion implantation and annealing and characterized 

by TEM [I 91. The flow of Cu to the cavities initially occurs at a constant rate, as expected for 

steady-state diffusion over the wafer thickness of 250 pm to a strong sink. Moreover, the 

diffusivity-solubility product extracted from the model fit in the picture [18,20] is consistent with 

reported values of the two quantities [25]. Cavity saturation occurs near 5x1015 Cu/cm2, 

corresponding quantitatively to monolayer coverage of the internal sufface area calculated from 

TEM images. Lattice imaging confirmed the absence of silicide precipitation in the cavities after 

saturation, as seen in the inset. Gold behaved very similarly to Cu in experiments at 1 123 K, 

diffusing from the precipitated equilibrium eutectic to a cavity layer until saturation occurred 

near monolayer coverage. 

Figures 5 and 6 show depth profiles of Cu, Ni, Co, and Fe in the vicinity of cavity layers 

after diffusion-mediated equilibration with pre-existing metal silicide on the opposite side of the 

wafer at a distance of 250 pm. The profile for Au, not shown, is very similar to that for Cu. 

Profiling was accomplished by RBS for Cu and Ni and by secondary-ion mass spectrometry 

(SIMS) for Co and Fe. Silicides were formed by implanting the metal and heating. The phase 

was confirmed by TEM for Cu and Ni, while for Co and Fe we used silicide-formation 

procedures reported in the literature [26,27]. The width and shape of the metal depth profiles 

are seen to conform closely to the depth distribution of implanted He calculated from the TRIM 

Monte-Carlo code [28]. This provides semiquantitative evidence that the metal concentrations 

vary with depth in proportion to the available cavity surface area, equalizing the fractional site 

occupation 8 as expected from Eq. (3). 
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The integrated areal densities of bound metal atoms in Figs. 5 and 6 vary over more 

than two orders of magnitude, and we ascribe this largely to corresponding differences in the 

stability of the chemisorbed state relative to the silicide phase with which it is equilibrated. In 

this regard it is noteworthy that the silicide binding energy relative to solution rises by -1 eV on 

going from Cu and Ni to Co and Fe [25], correlating with a large decrease in the number of 

metal atoms bound to the cavities. 

We quantify these considerations by first estimating the fractional coverage 8 in Eq. (3) 

and then combining Eqs. (I) and (3) to extract Qt for the trapping, the solubility parameters in 

Eq. (1) being taken from Ref. 25. To obtain 8 we divide the measured areal density of metal 

atoms in the cavities by the areal density corresponding to saturation: The latter quantity is 

equated to the product of the cavity surface area per unit sample area obtained from TEM and 

the atomic density of ordered chemisorption structures on the (1 11) surface reported from UHV 

studies on external surfaces. The saturation chemisorption density varies significantly among 

the metals, being -1 ML for Cu and Au, 1/19 ML for Ni, In ML for Co, and -1/2 ML for Fe [29- 

331. In the cases of Cu, Au, and Ni, the calculated values of 8 are indistinguishable from 

saturation, being respectively 0.8, I .I, and 1.5. Hence, the deduced binding energies represent 

lower bounds: SI .3 eV for Cu, 22.0 eV for Au, and 21.5 eV for Ni. For Co and Fe the 

calculated values of 8 are 0.018 and 0.012, respectively, giving Qt = 1.7 and 1.6 eV. In the 

case of Cu, we also carried out detailed experiments observing the diffusive redistribution of 

metal atoms between two cavity layers, one initially saturated with Cu (0 = I) and the other 

initially unoccupied (8 = 0), leading to a final condition where 8 is the same in both layers 

[I 8,201. This permitted us to quantify the cavity-wall binding energy for Cu, giving Qt = 2.2k0.2 

eV. 

Summarizing, we find that the solutes Cu, Au, Ni, Co, and Fe undergo chemisorption 

trapping at cavities even when the metal atoms are initially precipitated as metal silicides in a 
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remote region of the wafer. In the case of Cu, the deduced binding energy for cavity trapping is 

about 0.5 eV greater than that in the silicide phase, whereas for Co and Fe, the silicides exhibit 

the greater binding energy. Cavity trapping occurs even in the latter cases, however. We 

ascribe this to the persistence of trapping to arbitrarily small solution concentrations that was 

discussed above. In physical terms, this property arises from the fact that the configurational 

entropy per trapped atom becomes large when only a few atoms occupy many trap sites; such 

an effect does not occur for silicide precipitation, where the entropy per atom is independent of 

the number of bound atoms. When these findings concerning chemisorption trapping are 

combined with the observation by ANU workers of apparently uninhibited precipitation of 

silicides in cavities when the Si matrix is supersaturated [21-241, cavities appear particularly 

promising for gettering. 

5. Electrical properties of cavities in Si 

Dangling orbitals in Si can have both positive and negative charge states within the 

bandgap, as seen, for example, from studies of the vacancy and divacancy [34], and this 

suggests that cavities also are electrically active. We have explored the electrical properties of 

cavity-containing Si using deep-level transient spectroscopy (DLTS), capacitance versus 

voltage (C-V), and conductance versus temperature [35]. These studies are relevant to the use 

of cavities for gettering and electrical isolation and also illuminate fundamental surface 

properties. The experiments utilized cavity layers formed with the He dose and annealing 

condition of Fig. 1, but with a He energy of 300 keV that positioned the peak cavity density at a 

depth of 1.3 pm. 

In both p-type and n-type Si, cavities produce a strong barrier to current flow with an 

activation energy of several tenths of an eV and a capacitively measured thickness of -1 pm. 

This indicates that the cavity layer is positively charged when the Fermi level is close to the 

valence band and negative when the level approaches the conduction band. A more 



-1 0- 

quantitative indication of level positions was obtained in DLTS experiments, where we observed 

capacitance transients associated with thermal emission of electrons and holes from cavity 

states as a function of temperature under three conditions: 1) n-type Si approaching zero- 

current equilibrium by electron emission after injection of excess electrons by a voltage pulse; 

2) p-type Si approaching equilibrium by hole emission after injection of excess holes; and 3) 

emission of holes from cavities in p-type Si after reverse biasing of a Schottky diode to deplete 

carriers in the region of the cavity layer. The observed emission rates are plotted in an 

Arrhenius format in Fig. 7. We interpret these transitions in terms of positive, neutral, and 

negative charge states of the cavity dangling orbitals as indicated in the inset. 

Knowledge of the cavity-wall electrical levels permitted us to model the electrical 

behavior of the system, both in equilibrium and under bias, by solving the Poisson equation 

numerically while taking account of electron and hole capture and emission by the three charge 

states of the dangling orbitals. In this way we semiquantitatively accounted for a wide range of 

novel electrical behaviors associated with the cavities [35]. (Since publication the model was 

refined to treat the strong coulomb repulsion between changes within the same cavity explicitly, 

rather than assuming that the repulsion prevents more than one charge per cavity. This 

improved the agreement between experiment and model.) A typical model calculation is 

represented in Fig. 8, and it illustrates two key points: first, cavity charging reduces carrier 

density by several orders of magnitude, thereby producing electrical isolation; and, second, 

carrier redistribution causes the electrical perturbation to extend several Debye lengths beyond 

the cavity layer. 

6. Conclusion 

Cavities formed in Si and Ge by He ion implantation combine microstructural stability 

with high chemical and electrical reactivity, and this provides unique opportunities for the 

investigation and manipulation of the semiconductor properties. In this paper we have reported 
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1) first determinations of Si-H and Ge-H surface-bond dissociation energies, 2) strong cavity- 

wall trapping of transition-metal impurities that may provide superior gettering in Si devices, and 

3) characterization of cavity reactions with electrons and holes leading to improved knowledge 

of Si surface states and the possibility of utilization for electrical isolation in devices. 
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Figure captions 

1. Transmission electron micrograph of cavities formed in Si by implanting 101 Hekm2 at 

30 keV and then vacuum annealing at 11 73 K for 1 hr. 

2. Retention of implanted H in Ge with and without cavities during temperature ramping at 

2 Wmin. 

3. Infrared absorption spectra of ion-implanted H in Si with and without cavities during 

sequences of 30-min anneals at increasing temperatures. 

4. Cross-wafer diffusion of Cu from Cu3Si precipitates to cavity traps. The TEM lattice image 

in the inset shows the absence of precipitated silicide in the saturated cavities. 

5. Depth profiles of Cu and Ni at cavity layers measured by RBS after diffusion-mediated 

equilibration with metal-silicide phase on the opposite side of the wafer. 

6. Depth profiles of Co and Fe at cavity layers measured by SlMS after diffusion-mediated 

equilibration with metal-silicide phase on the opposite side of the wafer. 
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7. Capacitance transients associated with electron and hole emission from cavity layers in Si. 

The assumed transitions are depicted on the inset diagram. 

8. Calculated depth profiles of charged species in p-type Si containing cavities. 
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