THEORY OF HYDROGEN IN SEMICONDUCTORS

R. Jones

Department of Physics, University of Exeter, Exeter, EX44QL, UK

Keywords : Hydrogen; Silicon; Gallium Arsenide; Theory;

SUMMARY

Hydrogen exhibits a number of distinct effects in semiconductors. These include: the neutralisation of shallow impurities; the removal of deep states which act as recombination centres; the catalytic enhancement of oxygen diffusion; the change in the electrical characteristics of transition metal impurities. The basic theoretical methods that have been used to investigate these are described along with their principal results and outstanding problems.

1. INTRODUCTION

Hydrogen, which can be introduced into a semiconductor by a variety of methods, such as from a plasma or H_2 gas, reacts with the solid and its defects in many different ways. The isolated Hinterstitial diffuses with a low activation energy — at least in the neutral and positively charged states — and hence it is able to reach and bind with other defects. The resulting complexes are often electrically inactive but this is not always the case. The passivation of shallow impurities is well known. Less well understood is the interaction of H with neutral impurities, extended defects and defects with deep levels such as vacancies and transition metal impurities. In some cases, gap levels are displaced or introduced whose occupancy can lead to photostructural changes or give rise to photoluminescence lines. H also has important catalytic effects on atomic processes, eg O-diffusion in Si and the growth of chemically vapour deposited diamond. This multitude of H related phenomena has generated extensive theoretical and experimental work. Here, we shall briefly discuss the theoretical methods that have been used in 2 and describe their principal results and outstanding problems in the later sections.

There have been several recent reviews of H in semiconductors, eg Myers et al, (1992), and Van de Walle, (1992), so we shall emphasise here recent work revealing the diverse nature of H interactions with non-metallic solids. Lack of space prevents a proper discussion of the disruption to the bonding on C_{60} (Estreicher et al 1992) and reactions of H with the diamond (111) surface (Latham et al 1993) and we shall concentrate on the effects of H on Si and GaAs. There are several lattice sites which are important in the description of impurities in a diamond lattice. Among these are the bond centred (BC) site which is the mid-point of the bond; the tetrahedral interstitial site, T_d, which lies at a/4(111); the anti-bonding (AB) site lying between the lattice site at (000) and the T_d site; the C site which is found at a/2(100). Even if the impurity is not exactly at these sites— which often happens — we still describe it by reference to the nearest high symmetry site, eg interstitial O is referred to as O_{BC}, even though the Si-O-Si angle is less than 180^∘.

2. THEORETICAL METHODS

In treating H related defects it is essential to use a method that allows atoms to move, or relax, and permit charge to flow between atoms. This is because the energy differences between structural configurations are very sensitive to bond lengths and the charge state of the defects. This is illustrated very well by the H interstitial in Si which is bistable: the lattice location of H^+ is quite different from H^−, and in the former there is an enormous disruption to the Si lattice emphasising the need to allow for atomic relaxation.

There are two main approaches to the study of H defects in semiconductors: a cluster method where the surface dangling bonds are themselves passivated by H and further H atoms are placed within the cluster, and a supercell method where the defect is inserted into a larger unit cell. Both methods make use of the insensitivity of bond lengths and structures to anything other than the local environment. For example, the C-C bond length in neopentane, C_5H_{12} is within 1% of that of diamond, and the calculated C-C length in C(CH_3)_3 is within 0.4% of the bond found in graphite. However, defect wave-functions may not be localised and clusters often possess electronic gaps much larger than those observed whereas the supercell approach leads to smaller gaps. This means that the two approaches may give conflicting results for defects whose properties are critically dependent on the extent of the wave-functions. Together with the above strategies, a technique is required which solves the Schrödinger equation within the Born-Oppenheimer approximation. The usual method is to expand the wavefunction in terms of a basis either of plane waves or of localised functions. Then an approximate scheme for solving the many-body aspects of the electron gas is required and there are two main approaches – local density functional (LDF) and Hartree-Fock (HF) theory. Both of these average the effects of all the electrons so one ends up solving a Schrödinger equation for the single particle electronic states with the potential determined self-consistently. The self-consistent potential allows for charge transfer between atoms and is essential for a quantitative description of bond lengths, vibrational modes etc. Although the LDF and HF treatments look superficially similar, there are important differences in the theoretical basis of the approaches and their treatment of correlation effects. The LDF theory is to be preferred as it is simpler to implement and has the tremendous advantage of including pseudopotentials which allow an accurate description of bonding of heavy elements.

The LDF and HF are first-principles methods, but their implementation still requires an enormous computational effort. In the localised basis description, this effort lies in evaluating the four-centre integrals needed for the Hartree and exchange-correlation energies. There are then a very large number of treatments which make approximations to facilitate the evaluation of these integrals (Halgren & Lipscomb, 1973, Jones & Sayyash 1986). In other cases, the various integrals are either ignored or replaced by parametrised expressions. These parameters are fitted to experiment ensuring that the method works for a certain class of problems. Examples of these methods include CNDO, MINDO etc (Pople & Beveridge 1970). In the plane wave basis methods, the time dominant step is the evaluation of the eigenvalues of a very large Hamiltonian. This can be achieved by using the Car-Parrinello (1984) formalism but even then the calculations are most time consuming. In early years, it was the structure of the H defects that dominated investigations, but now there are much more demanding questions to be answered such as the evaluation of the hyperfine parameters (Van de Walle & Blöchl 1993), migration energies (Buda et al 1991) and the effect of H on local vibration modes (LVMs) of impurities. The pioneering studies of H in semiconductors used semi-empirical CNDO methods (Mainwood, Stoneham 1980) to investigate the stability of H at various sites in the lattice but unfortunately overlooked the BC site. This method has continued to be used in various modifications. DeLeo (1991) used a similar technique called MNDO and a cyclic cluster method was used by Deák et al (1988) . In general these methods have given useful information which have often been substantiated by the more rigorous ab initio techniques.

We shall refer to a number of results derived using the LDF cluster method introduced by ourselves (Jones & Sayyash, 1986, Jones 1992). This uses a large (≈ 100 atom) cluster terminated by H atoms and basis sets consisting of Gaussian orbitals to expand the wave-function as well as the charge density. The self-consistent energy is evaluated for an arbitrary structure, and the forces computed for any number of atoms. These are then allowed to move, or relax, until the forces vanish, ie the minimum energy configuration has been found. The second derivatives of the energy can also be evaluated and yield the local vibrational modes (LVMs) of the defect.

3. INTERSTITIAL HYDROGEN

Experimental information on interstitial H has mainly come from muon spin-polarisation studies of the two paramagnetic forms, Mu^∗ and Mu, and these have been attributed to neutral muons residing at BC and T_d sites respectively (Cox & Symons, 1986, Estle et al, 1987, Estreicher 1987). The theory shows that H is bistable: in its positive and neutral charge states it lies at a BC site with a high gap level. When negatively charged it lies at a T_d site with a level low in the gap. These results can be understood as the propensity for the proton to be attracted to the heaped up charge density at the bond centre and for H^− to be repelled to an interstitial site in the open part of the lattice. The migration energy of H from BC to T_d or another BC site is also low: about 0.3 to 0.5 eV (Van de Walle et al 1989). This is the adiabatic barrier to H motion. For H^− it is believed to be larger (Jones 1991). These low barriers cause H to rapidly diffuse to other defects or other H atoms. H^∘_{BC} in Si, created by proton implantation, gives an EPR signal, AA9 (Gorelkinskii & Nevinnyi, 1991), which has the same (scaled) hyperfine parameters as Mu^∗. Recently, the AA9 signal has been observed by the Århus group (Holm et al 1991). n-Si was proton implanted at low temperature and the resulting lattice damage drives the fermi-level to mid-gap. Any H_{BC} present would be in its positive charge state and hence diamagnetic. AA9 was only observed when band gap light photoexcited H^∘_{BC}. The signal was also correlated with a electron trap at E_c-0.16 eV (E^′_3) identified in DLTS. The AA9 and E^′_3 signals disappeared at 100K, with an activation energy of 0.29 eV, which was interpreted as a transformation of H^∘_{BC} to H^− by a thermally-activated jump to a T_d site followed by electron capture. It was also argued that at 200K, H^+ moved to a trap and became converted to H^−_{Td}. The good agreement between the calculated and observed hyperfine parameters for Si:H_{BC} (Van de Walle & Blöchl 1993) confirm that the Mu^∗ assignment is correct. An LVM has been assigned to H_{BC} at 1990 cm^{−1} by Stein (1979) which is correlated with the presence of the E^′_3 centre, and this frequency agrees with theoretical calculations (Van de Walle et al 1989, Jones 1991, Deák et al 1991).

The solubility of H in Si has been considered theoretically by Van de Walle (1994). He finds that the energy of H^∘_{BC} is greater than that of H in a H_2 molecule in free space by 1.21 eV, which must then be the activation energy for the concentration of H_{BC} in solution. Van de Walle was able to obtain agreement with the high-temperature experimental values of the solubility even though the dissolution energy is observed to be 1.8 eV (Binns et al 1994).

4. PASSIVATION OF SHALLOW DOPANTS

It is well-known that shallow dopants can be passivated by H (see Myers et al 1992). The reduction in carrier concentration is accompanied by an increase in mobility as a consequence of the removal of ionised scatterers. Infra-red (IR) absorption measurements (Stavola 1991, Pajot 1991, Newman 1994) have provided reliable models for these complexes although direct methods such as channelling studies (Bech Nielsen et al 1988) have been carried out for some impurities.

Theoretical investigations for Si (DeLeo 1991, Van de Walle et al 1989, Chang & Chadi 1989, Denteneer et al 1990) and GaAs (Briddon & Jones 1990, Amore Bonapasta 1993) have generally led to the viewpoint that acceptors are passivated with H near a BC site — which may be closer to either the impurity as in Si:B and GaAs:C or to the host atom as group II acceptors in GaAs. Donors are passivated with H at the anti-bonding (AB) site away from the impurity as in Si:P (Denteneer et al 1990, Zhang & Chadi 1990) and GaAs:S (Rahbi et al 1994). In GaAs, Si_{Ga} is passivated with H at the AB site to the Si atom (Briddon & Jones 1990). The reasons for these site locations for H are not entirely clear. A remote impurity-H pair would be expected to have the stable structures consisting of H^+_{BC}-acceptor and H^−_{Td}- donor but chemical bonding arguments must be used within the molecular complex. Diamond may be an exception to this rule. LDF cluster calculations (Breuer & Briddon 1994) indicate that H is bonded to a B atom near the C-site rather than the expected BC one.

The dissociation energies of shallow impurity-H complexes in Si and GaAs are of the order of 1-2 eV (Johnson et al 1991). Van de Walle (1994) finds the BH and PH complexes dissociate with energies of 1.1 and 1.0 eV respectively, which are close to the observed values. A particularly important example of H-passivation is that of C_{As} in Al_xGa_{1−x}As. In the case of GaAs, x = 0, all the LVMs have now been observed. These investigations have revealed interesting aspects of the physics of dynamical systems and especially those arising from anharmonic effects. According to the above, H should lie close to a BC site between C and a Ga atom, and theory indeed shows that this configuration is more stable than H at an AB site to C by 0.63 eV (Jones & Öberg 1991, Wagner et al 1994, Amore Bonapasta 1993). According to the cluster calculations, the C-H and H-Ga lengths are 1.126 and 2.253 Å. Thus C is fourfold coordinated and the Ga atom has been displaced away from its site becoming three fold coordinated. Thus the atoms of the C-H.. Ga ‘unit’ have their normal valencies and this is enough to clear the gap from states. Uniaxial stress studies on the C-H stretch mode confirm that the defect has C_{3v} symmetry (Clerjaud et al 1992) with a reorientation barrier for H among the four <111> directions of 0.5 eV.

The complete sets of LVMs deduced from theory for both GaAs (Wagner et al 1994) and AlAs (Pritchard et al 1994a) are given in table 1 together with the observed modes found by both IR and Raman spectroscopy. The theory finds that the C-H stretch modes are very anharmonic and this is important as it can explain the anomalous isotopic shifts of the modes (Davidson et al 1994). The X-H stretch mode frequency ν is often written as:

ν^2 = k(1/M_H + 1/χM_C ).

Here χ is an effective mass parameter and is expected to be greater than unity in this case. However, an analysis of the experimental frequencies given in table 1 for different isotopes shows that χ is less than unity (Davidson et al 1994). The reason for this is the neglect of anharmonicity. If this is included then the observed anharmonic fundamental frequency, ω, differs from ν by an anharmonic parameter B, where ω = ν − B/M. To account for the data, B must be about 176 amu cm^{−1} (Davidson et al 1994) showing a strong anharmonic component and yet curiously no overtone has been reported. This is to be contrasted with the linear HCN molecule where an overtone has been observed with an anharmonic parameter of 102 amu cm^{−1} (Herzberg 1945). The anharmonic effects for both C-H in GaAs and HCN have recently been investigated in detail by us (Jones et al 1994) and they show that B in the former is 156 amu cm^{−1} and 106 amu cm^{−1} in the latter. These values are close to the observed ones and the large anharmonicity in GaAs is then attributed to the effect of the close-by three-fold coordinated Ga atom. The absence of the overtone is then found to be due to electrical anharmonicity, ie when the dipole moment of the complex varies non-linearly with the displacement of H, as this strongly suppresses the transition matrix element. Another curiosity of the complex, is that although the C atom is pushed towards the three back-bonded Ga atoms, which might have expected to displace upwards the C related LVMs beyond 583 cm^{−1}, the LVM due to C^−_{As}, the A and E modes of the C-H complex are actually pushed downwards to 453 and 563 cm^{−1}. This is due to the displacement of the three Ga neighbours outwards, away from C, so that the three C-Ga bonds actually increase in length. A similar effect does not happen in the Be_{Ga}—H_{BC}-As system (Nandhra et al 1988, Briddon & Jones 1990).

The high frequency H-E modes, which are due to the movement of H perpendicular to the C-H bond, also display unusual isotopic shifts but these are due to the strong interaction between modes of the same symmetry when H is replaced by D.

Table 1 also shows that the C-H stretch mode in AlAs occurs at a slightly lower frequency than that in GaAs. Now the C-Al bond is stronger than the C-Ga one, and hence when H is introduced in the alloy, it naturally prefers a BC site between C and Ga rather than C and Al. Consequently, as x increases in the alloy, the Al_nC-H.. Ga defects, with at first n equal to 1, then 2 and 3 appear, rather than those of Al_{n−1}C-H.. Al (Pritchard et al 1994b). Furthermore LVM spectroscopy can distinguish these defects and hence the deliberate incorporation of H can, in principle, reveal the numbers of C atoms surrounded by n Al atoms.

5. HYDROGEN AGGREGATES IN SILICON

Interstitial H diffuses rapidly and is expected to complex with many defects including itself. Early theoretical calculations suggested that a close-by donor-acceptor complex consisting of H_{BC}-H_{AB} was particularly stable (Briddon et al 1988, Chang & Chadi 1989, Deák et al 1991). Evidence has recently been found that this exists in H-implanted Si (Holbech et al 1993). The four LVMs attributed to the defect occur at 2062, 1838, 1599 and 817 cm^{−1}. These anneal out together around 180^∘C. The weak line at 1599 cm^{−1} is an overtone of the E mode of the C_{3v} centre at 817 cm^{−1}. The 2062 and 1838 cm^{−1} LVMs represent Si-H_{BC} and Si-H_{AB} stretch modes respectively. Cluster calculations of the modes of the defect and their isotope shifts are consistent with this model and reproduce the small shifts in the H-stretch modes when the second H atom is replaced by D. This shows the distance between the H atoms, which controls their dynamical coupling, is correct and rules out earlier suggestions as to the origin of the lines (Mukashev et al 1992).

Theory finds the energy of a H_2 molecule to be about 0.2 eV below H^∗_2. Evidence for H_2 molecules is indirect. Annealing at 250^∘C dissociates H-B complexes and yet no H effuses from the material (Stutzmann et al 1991). The unobserved hydrogen defect appears to be diamagnetic and spectroscopically invisible and is attributed to molecular hydrogen. Theory gives the dissociation energy of H_2 into H_{BC} to be 1.6 eV (Van de Walle 1994) and the energy of two passivated BH complexes to be 0.5 eV below that of the molecule. Consequently, when BH dissociates, H_{BC} diffuses away until trapped by a second H which then forms an immobile molecule.

Binns et al (1994), showed that introducing H by heating Si to high-temperatures in H_2 gas, followed by quenching, led to the passivation of some of the B. However, a substantial amount of H was also present, presumably in the molecular form, since an anneal at 175^∘C led to further B passivation. The molecular species could also be converted to H^∗_2 by e-irradiation perhaps by forming VH_2 or Si_iH_2 defects which subsequently captured an Si_i or V respectively. Recently, there have been reports of an EPR signal attributed to hydrogen molecules or, more likely, larger H-clusters (Stallinga et al 1994).

H-plasma treatments produce (111) oriented H- platelets whose structure is uncertain. Roberson & Estreicher (1994) have suggested that the plasma etches surface Si atoms producing SiH_4, and a stream of mobile VH complexes rapidly diffuse into the bulk. Aggregation of these then leads to the nuclei for platelet formation. High resolution transmission electron microscopy studies (Muto et al 1994), however, have been interpreted in terms of a model where the widely spaced (111) planes of Si are displaced apart through the formation of Si-H bonds and stabilised by H_2 gas at a pressure in excess of 1 GPa. This model is consistent with the observation of IR bands in the region of Si-H stretch modes (2000-2200 cm^{−1}).

6. HYDROGEN-VACANCY DEFECTS IN SILICON

H can complex with a Si vacancy producing four defects VH_n with n ranging from 1 to 4. In these complexes H saturates each dangling bond in turn. Thus unlike O, H does not form a bond centred complex within a vacancy.

Our cluster calculations showed that the Si-H lengths in the neutral complexes deceased steadily as the number, n, of H atoms increased. Thus for n equal to 1 to 4, these lengths are 1.513, 1.506, 1.501 and 1.489 Å. The VH_4 defect leads to an 80% expansion in volume of the vacancy and uniaxial stress measurements on its 2222 cm^{−1} mode show directly it possesses T_d symmetry (Bech Nielsen et al 1989).

Somewhat smaller lengths have been found by Roberson et al (1994). They give 1.397, 1.387, 1.382, 1.378 Å respectively. The calculated values of the IR active LVMs (Hoffmann et al 1994) range from 2319 for VH_4 down to 2248 cm^{−1} for VH. The experimental values are about 7% smaller and range from 2222 down to 2052 cm^{−1}. The highest mode of VH_4 is IR inactive. Curiously then, in mixed H, D implantation, modes are observed which possess a higher frequency. Theoretical investigations by Deák et al (1991) give the LVMs of VH_4 to be 2109 (A_1) and 2094 (T_2) cm^{−1}.

7. HYDROGEN-NEUTRAL IMPURITY EFFECTS IN SILICON

H forms complexes with C in Si although as might be expected these have very low dissociation energies. Kamiura et al (1994) showed that the C-H defect in Si, giving an electron trap at E_c − 0.15 eV, is stable to 80^∘C in the dark where it dissociates with an energy of 1.1 eV in the neutral state. However, in the presence of holes generated by light, a recombination enhanced dissociation occurs at 250K with an energy of 0.4 eV.

The thermal donors TD1 and TD2 generated by annealing O-rich Si around 450^∘C can be passivated by H (Bohne & Weber 1993). The resulting defects dissociate around 300K with an energy, which depends on the donor, of around 1.9 eV although with a very high pre-exponential factor. There have been no reports of H vibrational modes associated with the passivated donor which might give important information on their elusive structure. Photoluminescent lines, created by radiation damage followed by a 450^∘C anneal in O-rich Si, arise from defects containing H, C and possibly O clusters (Lightowlers et al 1994).

H^∗_2 complexes bound to N_P impurities in GaP have been investigated experimentally by Hahn et al (1994). There are two H stretch modes detected at 2886 and 2054 cm^{−1}, both of which shift with the different N isotopes but not with Ga ones. This has led to the suggestion that both H atoms are bonded more strongly to N than to a Ga neighbour as would be expected for H^∗_2. However, our cluster calculations showed that the H_{BC} atom is more strongly bonded to Ga than N in contradiction to the above assignment, even though the calculated modes, 3058 and 2213 cm^{−1}, are in reasonable agreement with those observed. The defect is interesting in that it is unusually stable and possesses a gap level whose occupancy, by photoexcitation, leads to shifts of about 100 cm^{−1} in the H related LVMs.

Photostructural changes are also expected to occur in the P... Si-H complex in Si, as it is bistable and becomes P-H-Si upon trapping a hole (Estreicher & Jones 1994).

8. DIFFUSION OF O_i CATALYSED BY H

Diffusion of H into oxygen rich Si leads to enhanced O diffusion jumps in a temperature region around 350^∘C with an activation energy 1.7-2 eV (Newman et al, 1992, Stein & Hahn, 1994). No stable O-H complexes have been reported and it is thought that H catalyses the movement of O. There are two theories for the enhancement in the reorientation rate of O_i in the presence of H. During the movement of O from one BC site to the next, it must pass close to the C site and is then necessarily bonded to three Si atoms, with one of the Si atoms having a dangling bond. This is the saddle point for normal O diffusion. Its energy difference from the starting configuration determines the diffusion energy of 2.8 eV. However, its energy can be lowered if the Si atom with the dangling bond is able to make a strong bond with a H atom that happens to be in close vicinity. This assumes that H in the starting structure, ie when O is at a BC site, is only weakly bound. Our calculations (Jones et al 1992) support this picture. The lowest energy for H near O is at an AB site opposite Si-O-Si. Relative to one of these two sites, the energies of H_{BC} and the three H_{Td} sites are 1.5 eV and 0.75 eV respectively. With H at the AB site, the energy difference between O at a BC and at a C site is only 0.2 eV. Thus the barrier of 2.8 eV for normal O-diffusion has been effectively eliminated by the presence of Si-H. Now, when O moves away from the C-site, the energy increases because the Si-H bond starts to weaken and a normal Si-Si bond starts to form. The new activation barrier is found to be 1.4 eV: somewhat lower than the observed barrier. When the O atom moves to its new bond centred site, H is now no longer in the lowest energy configuration and must jump to a new anti-bonding site. It has to move to the further one if long ranged O migration is to occur. In contradiction with this, Estreicher (1990) found that H_{BC}-Si-O_{BC} was more stable than H_{AB}- Si-O_{BC}. The energy for a metastable configuration H_{Td}-Si-O_{BC} was 0.66 eV higher. He then argued that when H is located near to this metastable T_d site, it is able to lower the barrier for O migrating to the C site through the formation of the Si-H bond and leaving O bonded to two atoms. This barrier, when H is initially at the T_d site, is 1.25 eV and is much lower than in the absence of H. The final configuration consists then of H and O at adjacent BC centres. This is not the starting point of the process and it is necessary to assume that H can leave the BC site after the O hop.

Further work is necessary to verify the precise mechanism.

9 HYDROGEN- TRANSITION METAL IMPURITY COMPLEXES

Hydrogen, introduced by in-diffusion into n-Si from a high pressure gas around 1250^∘ C can form complexes with Pt (Williams et al, 1994) It is known that substitutional Pt^− is displaced along [100] with an acceptor level at E_c − 0.23 eV. This leaves two Si dangling bonds which are conjectured to bond with H. IR-spectroscopy revealed a near doublet at 1888.2 and 1897.2 cm^{−1} correlated with a new EPR signal, possibly associated with Pt^−H_2 and having a level between E_c-0.1 and E_c-0.045 eV. Another H related doublet at 1889.5 and 1898.6 cm^{−1} may be associated with the double negative charge state. Thus H has not eliminated the acceptor level of Pt but displaced it and apparently introduced a second level. The model suggested is rather like VH_4 in which two of the H atoms are replaced by Pt. However, recent calculations of the iso-electronic defect, Ni_s-H_2 (Resende et al 1994) suggest that this model gives H LVMs strongly coupled together, contrary to the observations. The Pt-H_2 defect has also been observed by the Amsterdam group (Höhne et al, 1994).

Deep levels, due to electron traps around E_c − 0.5 eV have also been observed by DLTS for V- and Cr- H complexes in Si (Sadow et al 1994). The traps are only formed in n-Si due presumably to the diffusion of neutral H to the metal impurity. In p-Si, H^+ would have to diffuse to the positively charged interstitial impurity.

10 CONCLUSIONS

Theory has progressed very far since the pioneering calculations of Mainwood and Stoneham (1980) but the ever increasing number of effects attributed to H demonstrates both the vitality of the science and the need for further theoretical investigations.

11 ACKNOWLEDGEMENTS

Stefan Estreicher, Ron. Newman, Brian Bech Nielsen, Bernard Pajot and Chris. Van de Walle are thanked for sending me reprints of their work and useful discussions. I also thank colleagues, Patrick Briddon, Chris. Ewels, Jon. Goss, Malcolm Heggie, Chris. Latham and Sven Öberg, for discussions and carrying out the many calculations described here.

12 REFERENCES

Amore Bonapasta, A. 1993 Hydrogen passivation of carbon doped gallium arsenide. Phys. Rev., B 48, 8771-81.

Bech Nielsen, B., Anderson, J. U. & Pearton, S. J. 1988 Lattice location of deuterium interacting with the boron acceptor in silicon, Phys. Rev. Lett., 60, 321-4. Bech Nielsen, B., Olajos, J.

& Grimmeiss, H. G. 1989 Hydrogen related center with tetrahedral symmetry in ion-implanted silicon. Phy. Rev. B 39, 3330-6.

Bech Nielsen, B., Bonde Nielsen, K. & Byberg, J. R. 1994, EPR Experiments on Hydrogen-Implanted Silicon Crystals: Annealing Properties of Bond Centre Hydrogen, Mater. Sci. Forum, 143-7, 909-14.

Binns, M. J., Newman, R. C., McQuaid, S. A. & Lightowlers, E. C., 1994 Hydrogen Solubility and Defects in Silicon, Material Science Forum, 143-7, 861-66.

Bohne, D. I., & Weber, J. 1993 Hydrogen passivation and reactivation of thermal donors in silicon, Phys. Rev. B 47, 4037-40.

Breuer, S. J., & Briddon, P. R., 1994 An ab initio study of substitutional boron and the boron–hydrogen complex in diamond, Phys. Rev. B, in press.

Briddon, P. R, Jones, R., & Lister, G. M. S. 1988 J. Phys. C 21, L1027-31.

Briddon, P. R. & Jones, R., 1990 Ab Initio Calculations on the Passivation of Shallow Impurities in GaAs, Phys. Rev. Lett., 64, 2535-8.

Buda, F., Chiarotti, G. L., Car, R., & Parrinello, M., 1991 Hydrogen in crystalline and amorphous silicon, Physica B 119, 98-104.

Car, R., & Parrinello, M., 1984 Unified approach for molecular dynamics and density functional theory, Phys. Rev. Lett, 55, 2471-4.

Chang, K. J., & Chadi, D. J., 1989 Hydrogen bonding and diffusion in crystalline silicon, Phys. Rev. B, 40, 11644-53.

Clerjaud, B., Cote, D., Gendron, F., Hahn, W-S., Krause, M., Porte, C., & Ulrici, W., 1992 Carbon-hydrogen interaction in III-V compounds, Mater. Sci. Forum, 83-7, 563-68.

Cox, S. F. J., & Symmons, M. C. R., 1986 Molecular Radical Models for the muonium centers in solids, Chem. Phys. Lett., 126, 516-25.

Davidson, B. R., Newman, R. C., Bullough, T. J., & Joyce, T. B., 1994 Dynamics of the H-C_{As} complex in GaAs, Phys. Rev. B, 48, 17106-113.

Deák, P., Snyder, L. C., & Corbett, J W., 1988 State and motion of hydrogen in crystalline silicon, Phys. Rev. B 37, 6997-92.

Deák, P., Snyder, L. C., Heinrich, M., Ortiz, C. R., & Corbett, J. W., 1991 Hydrogen complexes and their vibrations in undoped crystalline silicon, Physica B 170, 253-8.

DeLeo, G. G., 1991 Theory of hydrogen-complexes in semiconductors, Physica B 170, 295-304.

Denteneer, P. J. H., Van de Walle, C. G., & Pantelides, S. T., 1990 Microscopic structure of the hydrogen-phosphorus complex in crystalline silicon, Phys. Rev., B 41, 3885-8.

Estle, T. L., Estreicher, S., & Marynick, D. S., 1987 Bond centered hydrogen or muonium in diamond: the explanation for anomalous muonium and an example of metastability, Phys. Rev. Lett., 58, 1547-50.

Estreicher, S., 1987 Equilibrium sites and electronic structure of interstitial hydrogen in Si, Phys. Rev., B 36, 9122-7.

Estreicher S., 1990 Interstitial O in Si and its interaction with H, Phys. Rev., B 141, 9886-91.

Estreicher, S. K., Latham, C. D., Heggie, M. I., Jones, R., & Öberg, S., 1992 Stable and Metastable States of C_{60}H: Buckminsterfullerene Monohydride, Chem. Phys. Letts., 196, 311- 6. Estreicher, S. K., & Jones, R., 1994 H, P^0 → H, P^+ transitions: A new look at donor-hydrogen pairs in Si, Appl. Phys. Lett, 64, 1670-1672.

Gorelkinskii, Yu. V., & Nevinnyi, N. N., 1991 Electron Paramagnetic Resonance of Hydrogen in Silicon, Physica, B 170, 155-67.

Halgren, T. A., & Lipscomb, W. N., 1973 Self-consistent wave-functions for complex molecules: the approximation of partial retention of diatomic differential overlap, J. Chem. Phys., 58, 1569-91.

Herzberg, G., 1945 Molecular Structure and Molecular Structure, II : Infrared and Raman Spectra of Polyatomic Molecules, Van Nostrand Rheinhold, New York, pp 550.

Höhne, M., Juda, U., Martynov, Yu. V., Gregorkiewicz, T., Ammerlaan, C. A. J., & Vlasenko, L. S., 1994 EPR study of platinum-hydrogen complexes in silicon, Mater. Sci. Forum, 143-7, 1659-64.

Hoffmann L., Bech Nielsen, B., Jones, R. & Öberg, S., 1994 unpublished.

Holbech, J. D., Bech Nielsen, B., Jones, R., Sitch, P., & Öberg, S., 1993 The H^∗_2 defect in crystalline silicon, Phys. Rev. Lett., 71, 875-8.

Holm, B., Bonde Nielsen, K., & Bech Nielsen, B., 1991 Deep state of hydrogen in crystalline silicon: evidence for metastability, Phys. Rev. Lett., 66, 2360-3.

Johnson, N. M., Doland, C., Ponce, F., Walker, J. and & Anderson, G., 1991 Hydrogen in Crystalline Semiconductors, Physica, B 170 3-20.

Jones, R., & Sayyash, A., 1986 Approximations in local density functional calculations for molecules and clusters: applications to C_2 and to H_2O, J. Phys. C: Solid State Phys. 19, L653-7.

Jones, R., & Öberg, S., 1991 Theory of the Structure and Dynamics of the C impurity and C-H Complex in GaAs, Phys. Rev., B, 44, 3673-7.

Jones, R., 1991 Metastable states in Si:H, Physica, B 170, 181-7.

Jones, R., 1992 Ab Initio Cluster Calculations of Defects in Solids, Phil. Trans. Roy. Soc., London, A 341, 351-60.

Jones, R., Öberg, S., & Umerski, A., 1992 Interaction of hydrogen with impurities in semiconductors, Mater. Sci. Forum, 83-7, 551-62.

Jones, R., Goss, J., Ewels, C., & Öberg, S., 1994 Ab Initio Calculations of Anharmonicity of the C-H stretch mode in HCN and GaAs, Phys. Rev. B, in press.

Kamiura, Y., Okashita, T., & Hashimoto, F., 1994 Photo-Induced Lattice Relaxation and Dissociation of a Hydrogen-Carbon Complex in Silicon, Mater. Sci. Forum, 143-7, 921-6.

Latham, C. D., Heggie, M. I. , & Jones, R., 1993 Ab initio Energetics of CVD growth Reactions on the Three Low-Index Surfaces of Diamond, Diamond and Related Materials, 2, 1493-99.

Lightowlers, E. C., & Newman, R. C. & Tucker, J. H. 1994 Hydrogen-related luminescence centres in thermally treated Czochalski silicon, unpublished.

Mainwood, A., & Stoneham, A. M., 1980, Interstitial muons and hydrogen in diamond and silicon, J. Phys. C 17, 2513-24.

Mukashev, B. N., Tamendarov, M. F., & Tokmoldin, S. Zh., 1992 States of hydrogen and mechanisms of passivation of impurities and radiation defects in crystalline silicon, Sov. Phys. Semicond., 26, 628-34.

Muto, S., Takeda, S., & Hirata, M., 1994 Structural study of hydrogen induced platelet in Si and Ge by transmission electron microscopy, Mater. Sci Forum 143-7, 897-902.

Myers, S. M., Baskes, M. I., Birnbaum, H. K., Corbett, J. W., DeLeo, G. G., Estreicher, S. K., Haller, E. E., Jena, P., Johnson, N. M., Kirchheim, R., Pearton, & S. J., Stavola, M. J., 1992 Hydrogen Interactions with defects in crystalline solids, Rev. Mod. Phys., 64, 559-617.

Nandhra, P. S., Newman, R. C., Murray, R., Pajot, B., Chevallier, J.r, Beall, R. B., & Harris, J. J., 1988 The passivation of Be acceptors in GaAs by exposure to a hydrogen plasma, Semicond, Sci. and Technol., 3, 356-60.

Newman, R. C., Tucker, J. W., & McQuaid, S. A., 1992 Measurements of the diffusion coefficient in silicon monitored by catalysed enhanced oxygen diffusion jumps, Mater. Sci. Forum, 83-7, 87-92 .

Newman, R. C., 1993 Local vibrational mode Spectroscopy of defects in III/V Compounds, Chapter 4 in Semiconductors and Semimetals, ed. by R. K. Willardson and A. C. Beer 38, 117-187.

Pajot, B., Clerjaud, B & Chevalier, J., 1991 Vibrational Properties of hydrogen in Compound Semiconductors, Physica B 170, 371-382.

Pople, J. A., & Beveridge, D. L., 1970, Approximate Molecular Orbital Theory, McGraw-Hill, New York.

Pritchard, R. E., Davidson, B. R., Newman, R. C., Bullough, T. J., Joyce, T. B., Jones, R., & S. Öberg, 1994a The structure and vibrational modes of H-C_{As} pairs in passivated AlAs grown by metalorganic molecular beam epitaxy. Semicon. Sci. and Technol., 9, 140-9.

Pritchard, R. E., Newman, R. C., Wagner, J., Fuchs, F., Bachem, K. H., Öberg, S., Jones, R., Fischer, A., & Ploog, K., 1994b The Bonding of H-C_{As} Pairs in Al_xGa_{1−x}As Alloys, Phys. Rev. B, in press.

Rahbi, R., Theys, B., Jones, R., Pajot, B., Öberg, S., Sommogyi, K., Fille, M. L., & Chevallier, J., 1994 Neutralisation of Group VI donors by hydrogen in gallium arsenide, unpublished.

Resende, A, L. S. F., Jones, R., Öberg, S., & Bridden, P. R., 1994, unpublished. Roberson, M. A., S. K. Estreicher, L. Korpás, & Corbett, J. W., 1994 Vacancies and {V,H_n} Complexes in Si: stable structures, relative stability, and diffusion properties, Mater. Sci. Forum 143-7, 1227-32.

Roberson, M. A., & Estreicher, S. K., 1994, The vacancy and vacancy-hydrogen complexes in silicon, Phys. Rev. B, in press.

Sadoh, T., Watanabe, M., Nakashima, H., & Tsurushima, T. 1994 Deep levels of vanadium and chromium hydrogen complexes in silicon, Mater. Sci Forum, 143-7, 939-44.

Stallinga, P., Gregorkiewicz, T., Ammerlaan, C. A. J., & Gorkelkinskii, Yu. V., 1994 EPR identification of hydrogen molecules in bulk silicon, Mater. Sci. Forum, 143-7, 853-60.

Stavola, M., 1991 Structure and Reorientation Kinetics of hydrogen passivated shallow impurities in silicon from vibrational spectroscopy, Physica B 170, 325-34.

Stein, H. J., & Hahn, S., 1994 Hydrogen introduction and hydrogen enhanced thermal donor formation in silicon, J. Appl. Phys, 75, 3477-84.

Stutzmann, M., Beyer, W., Tapfer, L., & Herrero, C. P., 1991 States of hydrogen in crystalline silicon, Physica B 170, 240-44.

Van de Walle, C. G., Denteneer P. J. H., Bar-Yam Y., & Pantelides S. T., 1989 Theory of hydrogen diffusion and reactions in crystalline silicon, Phys. Rev., B 39, 10791-808.

Van de Walle, C. G., 1992 Hydrogen in Crystalline Semiconductors, in ‘Deep Centers in Semiconductors: a state-of-the-art approach’, ed S. T. Pantelides, Gordon and Breach, Switzerland pp928, 899-928.

Van de Walle, C. G., Blöchl P. E., 1993 First-principles calculations of hyperfine parameters, Phys. Rev. B, 47, 4244-55.

Van de Walle, C. G., 1994 Energies of various configurations of hydrogen in silicon, Phys. Rev., B 49, 4579-85.

Wagner, J., Bachem, H. H., Jones ,R., Öberg, S., Davidson, B. R., Newman, R. C., Bullough, T. J., & Joyce, T. B., 1994 The dynamics of the H-C_{As} complex in GaAs II: Raman measurements and new first principles theory, unpublished.

Williams, P. W., Watkins, G. D., Uftring, S., & Stavola, M., 1993 Structure-sensitive spectroscopy of transition-metal-hydrogen complexes in silicon, Phys. Rev. Lett., 70, 3816-9.

Zhang, S. B., & Chadi, D. J., 1990 Microscopic structure of hydrogen shallow donor complexes in crystalline silicon, Phys. Rev. B 41, 3882-84.

Table 1: Calculated and Observed LVM’s, cm^{−1}, due to C-H in GaAs and AlAs

Obs. GaAs (a) Theory GaAs Obs. AlAs (b) Theory AlAs 12C-H 2635 2950 2558 2885 13C-H 2628 2942 2549 2877 12C-D 1969 2154 1902 2111 13C-D 1958 2144 1894 2100 A_1 modes 12C-H 453 456 487 466 13C-H 438 440 477 453 12C-D 440 442 480 454 13C-D 427 428 471 442 E^− H-like modes 12C-H 739 888 671 740 13C-H 730 883 653 725 12C-D 637 707 657 684 13C-D 617 693 635 662 E^+ C-like modes 12C-H 563 553 ND 559 13C-H 548 536 ND 551 12C-D 466 495 ND 437 13C-D 464 487 ND 436 (a) Wagner et al 1994 (b) Pritchard et al 1994a