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AbstractThe single kink formation and migration energies, Fk andWm, of 90� glidepartial dislocations in Si and GaAs are calculated using an ab initio localdensity functional cluster method. Kink migration occurs via a concertedexchange of an atom at a dislocation core with one of its glide plane nearestneighbors. By constraining these atoms to sit in high energy positions andrelaxing a surrounding cluster of atoms, su�cient points in con�guration spacecan be sampled for the energy barrier for the �rst step in kink pair formationto be estimated. By including an estimate of the elastic energy of interactionof kink pairs, the single kink formation energy is calculated. It is found thatFk and Wm for Si are 0.1 and 1.8 eV respectively. For the 90� � glide partialin GaAs, these quantities are 0.07 and 0.7 eV respectively, and 0.3 and 1.1eV for � partials. I. INTRODUCTIONIt is widely accepted that the structure of dislocation cores plays a vital role in under-standing the electronic and dynamical properties of dislocations in semiconductors [1]. Inboth Si and GaAs, the commonly occurring 60� and screw dislocations lie on f111g planesand are dissociated into partials separated by an intrinsic stacking fault [2{4]. The dissoci-ation reaction is: a2[110]! a6 [121] + a6 [211]: (1)It is likely that the partials are of the glide type [5]. This means that the core lies on thenarrowly spaced f111g planes and contains lines of atoms with dangling bonds lying almostin the f111g glide plane giving rise to the possibility of bond reconstruction. If the corelay on the widely spaced planes leading to shu�e dislocations, the dangling bonds wouldbe normal to the glide plane and reconstruction leading to the pairing of bonds would beimpossible. Glide dislocations are then expected to have lower energy than shu�e ones.The two chemical species present in GaAs lead to two types of partial dislocations: the coreatoms can be Ga, giving � dislocations, or As ones leading to � dislocations (Fig. 1). Ascrew dislocation dissociates into two 30� partials: one of Ga (�) type and the other of As(�) type. A 60� dislocation dissociates into a 30� and a 90� partial of the same type. Areconstructed bond would have to be formed between atoms of the same type.The dislocation core structure has previously been investigated using our ab initio densityfunctional cluster method for both Si [6] and GaAs [7,8]. The important conclusion, inagreement with previous work in the case of Si [9{16], is that the bonds within dislocationcores in Si and the � partial in GaAs are strongly reconstructed with bond lengths comparableto crystalline values. The � core in GaAs, however, is more weakly reconstructed. Thereare several implications of a strong reconstruction. Firstly, the dislocations are unlikely tobe electrically active: the formation of a covalent bond between core atoms will lead to agreat separation of bonding and anti-bonding states or between �lled and empty levels. Any2



states in the band gap are then likely to be shallow electron or hole traps. Secondly, thereconstruction might not occur if electrically active impurities present in the core possessextra or fewer electrons than the host atom they replace. For example, N or P in Si preferto remain three-fold coordinated with the remaining valence electrons occupying a lone pair[6,7,17] and in GaAs, a bond does not form for example between a pair of Be impuritieswithin the core of a � dislocation [7,8]. Hence, whenever these impurities di�use to the core,they cause a change in the reconstruction possibly leading to a pinning e�ect.The third implication which we shall consider here is that bond reconstruction leads tolow dislocation velocities as these bonds have to be broken for the dislocation to advance.Now, dislocations move by the thermal creation and di�usion, under an applied stress, ofkinks and the magnitude of the dislocation velocity is then controlled by the kink formationenergy, Fk, and the barrier to kink migration of energy Wm { assuming that there are nopinning points or strong obstacles along the dislocation line [5]. There is controversy overwhether Wm is much greater than Fk [1,18{21] but strong reconstruction implies that thebarrier to dislocation motion is considerable and the brittleness of the semiconductors isthen understood to arise from the di�culty of breaking the reconstructed bonds.In this paper, the �rst step in kink pair formation is studied and the energies of activationand formation are calculated. These quantities can be used to estimate Fk and Wm. This isthe �rst time these quantities have been calculated using ab initio methods.The local density functional cluster method used [22,23] has given bulk Si and GaAsbond lengths to within a few % of their crystalline values and has shown that the 90� partialdislocation in Si is strongly reconstructed with a core bond of length 2.43 �A compared toa bulk bond length of 2.35 �A. In GaAs using a variety of di�erent cluster sizes [7,8], thesame method gave a weakly reconstructed � core with an As-As core bond of length 2.58 �Acompared to a bulk Ga-As bond length of 2.43 �A. The Ga-Ga bond in the � core is morestrongly reconstructed, with a length of 2.40 �A. This strong core bond was considered tohave arisen from the transfer of charge to the core from the surrounding shell of As atoms.These values are far from those given by the sum of the atomic radii of Slater [24], whichare deduced from X-ray studies of metallic As and Ga compounds and they imply that theAs-As and Ga-Ga bonds would be 2.30 and 2.60 �A, respectively. It appears to us that thesevalues are not appropriate for dislocations or defects in GaAs. They predict, for example,that the Si-As bond should be shorter than the Si-Ga one whereas the ab initio calculations[25] show the reverse and account for the fact that the local vibrational mode of SiGa is lowerthan that of SiAs.In section II we discuss the theory and measurements of the dislocation velocity and insection III we describe our calculations for Si and GaAs and give our conclusions in sectionIV. II. THE KINK FORMATION AND MIGRATION ENERGIESAccording to the model of Hirth and Lothe [5], the dislocation velocity, Vdis, for longdislocation segments in the high stress regime is governed by the generation and di�usionof kinks and is given by: Vdis = ��d�b4kT e�(Fk+Wm�TS)=kT (2)3



where b is the primitive lattice vector and � is a geometrical factor of the order of unity.� is the stress applied, �d an attempt frequency and S is an entropy term. The magnitudeof Vdis can only be made to agree with experimental values if the entropy term, S, is oforder 5-7k. Calculations of the vibrational entropy contribution indicate that such valuesare not unreasonable [26], although the important electronic contribution coming from thetemperature variation of occupied energy levels was not considered. The activation energyfor Vdis, Q, is the sum of the kink formation energy, Fk and the kink migration energy Wm.The energy necessary to form a double kink of width nb depends on n and is sketchedin Fig. 2. This dependence arises as the ends of the double kink can be thought of as singlekinks which attract each other. For large n, the energy necessary to form a double kinkis de�ned to be 2Fk, i.e. the kinks are considered to be non-interacting. The kink-kinkinteraction energy is approximately described by elasticity theory [5] as:Eint = Gb2ph28�nb 1 + �1� � ; (3)where G is the shear modulus, bp the partial Burgers vector, � is Poisson's ratio andh is the height of the kink. For a 90� partial, h = bp = a=p6 and taking � to be 0.2, theinteraction energy is: Eint(n) = Gb348�n: (4)In this paper we calculate E1 and E2 in Fig. 2, corresponding to n = 1. E2 is theformation energy of a double kink of the smallest separation and is approximately relatedto Fk by: E2 = 2Fk � Eint(n = 1): (5)This assumes that the expression for Eint(n = 1) based on elasticity theory is valid for akink separation of about 4 �A. Calculations of the kink pair formation energies for larger nwould require very much larger clusters than considered here. For Si, where b is 3.84 �A andG is 0.427 eV�A�3, we �nd Eint(1) to be 0.16 eV for n equal to unity. In the case of GaAs,where b is 3.96 �A and G is 0.305 eV�A�3, Eint(1) is 0.13 eV.When a stress is applied, the double kinks of width nb which are formed thermallycollapse back to a straight line provided n < n� = 0:14pG� , whereas those with n largerthan n� are forced to expand by the stress [5]. For stresses of order 10�3G, this means thatn� � 4. The migration energyWm refers to that barrier associated with the motion of a kinkwith critical spacing. However, as the atomic processes involved in this migratory step arevery similar to those involved in the �rst step, we assume that Wm is given by the averageof E1 and E1 � E2 (Fig. 2). The only previous theoretical estimate of Fk was based oninteratomic potentials, e.g. a Terso� potential gave 0.12 eV in Si [13].Measurements of dislocation velocities in Si at low stresses are susceptible to errors arisingfrom the pinning e�ect of impurities, but at higher stresses, values of Q around 2.2 eV for 60�and 2.3 eV for screw dislocations are found [18,27{29]. In GaAs the measurements of Q for60� dislocations have greater scatter and range from 0.89 eV [30] to 1.3 eV for � dislocations[31{33] and between 1.24 eV [30] and 1.57 eV [34] for � dislocations. The pre-exponential4



factors for Vdis also display great variation between di�erent groups with their ratios for � to� dislocations varying between 0.1 [30] to about 30 [31]. Q for screw dislocations is around1.1 eV [34] or 1.3 eV [31]. All groups, however, �nd � dislocations to be more mobile than� ones. The similarity of the activation energies for screw and 60� dislocations suggests acommon mechanism for the motion.The experimental determination of Fk and Wm has, however, been a much more di�cultprocedure with di�erent groups �nding very di�erent results. A summary of recent experi-mental results for Si has been given by Gottschalk et al [35]. They show Wm ranges between1.2 and 1.8 eV, and Fk to lie between 0.4 and 0.7 eV. These values have been found fromseveral techniques including internal friction studies and by the observation of the criticaldislocation length, L0, below which the velocity depends linearly on the segment length L[36,37]. If L0 is determined by the mean separation of kinks in thermal equilibrium, thenL0 = 2beFk=kT : (6)When L is smaller than L0, kinks reach the ends of the segment before annihilation bya kink traveling in the opposite direction. The equation for Vdis then becomes:Vdis = �abh2�LkT e�(2Fk+Wm�TS)=kT ): (7)The theory implies that the activation energies Q in the two regimes will di�er by Fk.However, Yamashita and Maeda [38,39] �nd there is no di�erence in Q between the tworegimes. They suggest instead that L0 is determined by the separation of obstacles whichact as recombination points for kinks traveling in opposite directions. The model assumesthat the time needed for the line to breakaway from the obstacle is not rate determining, asthis is less than the time needed for double kinks to be generated and expand to the ends ofthe segment. Furthermore, the density of obstacles is independent of temperature with L0about 400b. In this case, Q is given by 2Fk +Wm and the equilibrium separation of kinksis greater than L0. Thus Fk must be greater than 0.5 eV. However, Hull and Bean [40],also assume L0 to be given by this model of obstacle limited kink mean free path, but �ndFk < 0:2 eV. Hirsch et al [41] estimate Wm to be less than 1.2 eV from observations of themovement of kinks. These large discrepancies in estimates of Fk and Wm show that furtherstudies are required.There has been much less work carried out on determiningWm and Fk in GaAs. Maedaand Takeuchi [42] investigated the e�ect of electronic excitation on the dislocation velocity.They found Q in the dark to be 1.0 and 1.7 eV for � and � dislocations respectively, whichare reduced by more than 0.7 and 1.1 eV respectively under electron irradiation. They arguethat the recombination of excess electrons and holes generated by electron irradiation reducethe migration energy Wm which must then lie between 0.7 and 1.0 eV for � dislocations and1.1 and 1.7 eV for � dislocations. III. METHODOnly a brief summary of our method will be given here, as we have discussed this ingreat detail in other papers [22]. We use the local density functional approach to the5



solution of the many-body Schr�odinger equation expanding both the charge density andwave-functions in terms of a basis of Gaussian orbitals. The basis used here is similar tothat used previously [8]. Norm-conserving pseudopotentials of ref. [43] eliminate the need toinclude core electrons. The self-consistent energy is found as well as the forces on each atomand all the atoms in the cluster relaxed using a conjugate gradient minimization method.The clusters used in the present investigations comprise 158 atoms surrounding the 90�dislocation with composition Si84H74 for the case of silicon and Ga42As42H74 for GaAs. Thelatter is shown in Fig. 1. H atoms are used to terminate the surface dangling bonds. In thecase of GaAs, the clusters are stoichiometric and hence electrically neutral. For a � partial,there is a double line of Ga atoms along [10�1] and the stoichiometry then implies that thereare more As than Ga atoms on one of its (111) surfaces. This gives rise to a electrical dipolemoment parallel to [111]. This dipole moment may cause additional forces on the core atomsand displace them in this direction. However, as the main rebonding pattern lies in the (111)plane, we expect this dipole to have a minimal e�ect on the calculated distortions. The sameconsiderations apply to � partials.The 158 atom cluster containing the 90� partial dislocation is relaxed to give the structureof the straight dislocation (Fig. 1). This has already been done for dislocations in Si andGaAs and has been reported in earlier papers [6{8]. In order to form a kink pair, one coreatom and one of its nearest neighbors lying in the glide plane of the dislocation must berotated through � 90� about an axis normal to the slip line (see Fig. 3; the atoms in questionare numbered 20 and 6). Of course, the rotation is not rigid, and in practice the length ofthe bond 6-20 might change during the motion. The double kink is actually created in aregion where the stacking fault lies. There is only a small energy di�erence if the kink iscreated on the side of the dislocation where the stacking sequence is normal [44]. Afterthe rotation, a short segment of the dislocation core has been displaced and the smallestdouble kink created. This structure is then relaxed using the same basis set as that usedfor the straight dislocation. Because the bonding pattern has now changed, the atoms donot revert to their position found for the straight dislocation. The di�erence in the energiesbetween the two relaxed clusters is then E2. It is important to realize that the double kinkwould not spontaneously collapse back to the straight dislocation because there is an energybarrier, E1 � E2, between the relaxed structures. This can only be overcome by thermaluctuations. E1 is the energy barrier that must be surmounted for the kink pair to form.For this to be calculated, the structure at the saddle point must be found. This is doneby introducing two constraints, (con1; con2), which prevent the structure from relaxing toeither the straight or the kinked dislocation. Ideally these constraints should be chosen sothat the energy varies rapidly with them, and their initial and �nal values should refer to thestraight and kinked dislocation. In practice, we choose constraints related to bond lengthsso that the lengths of the bonds 6-22 and 20-21 gradually increase while those of 6-21 and20-22 gradually decrease as we pass from the straight to the kinked dislocation. The actualconstraints are (con1; con2) wherecon1 = jR20 �R21j2 � jR20 �R22j2 (8)con2 = jR6 �R22j2 � jR6 �R21j2: (9)These equations are solved for one of the coordinates of R20 and R6, and then theother coordinates of these atoms as well as the coordinates of all the remaining atoms are6



relaxed using the conjugate gradient method. Energy contour plots are then constructedfor the variables (con1; con2) and these show a saddle point often close to the origin, i. e.,(con1; con2) = (0; 0) where the 20-21 and 6-22 bond lengths are equal to those of 20-22 and6-21. This method for obtaining activation barriers has been successfully used to treat thedi�usion of oxygen in Si [45] as well as the reaction energies of adsorbed species on a surfaceof diamond [46].The energy levels of the saddle point structure yield information on the e�ect of dopingon the activation barrier. IV. RESULTSA. SiliconThe relaxed 158 atom cluster containing a straight 90� glide dislocation had a centralSi{Si core bond of length 2.46 �A. The backbonds were 2.36, 2.44, 2.37 and 2.38 �A in theglide plane and 2.38 and 2.39 �A out of the glide plane. Since the bulk Si bond length is2.35 �A these bond lengths give about 5% strain, and in agreement with earlier studies, showthat the dislocation is strongly reconstructed.We then investigated the kinked dislocation as illustrated in Fig. 3. The double kinkhas a strongly reconstructed central core bond of length 2.45 �A. The backbonds were oflengths 2.37, 2.39, 2.38 and 2.43 �A in the glide plane and 2.39 and 2.38 �A out of the glideplane. Thus the strain in the double kink is about the same as in the straight dislocation.The di�erence in energy between the the straight and kinked dislocation clusters, i. e. E2,was found to be 0.004 eV: a negligible amount when considering the errors in the method.Our estimate of Fk is, from eqn. (5), thus given entirely by the elastic interaction term12Eint(n = 1), and is then about 0.1 eV|rather close to that found from using a Terso�potential [13]. This small value is the result of comparable bond length strain in the kinkand straight dislocation.We then investigated the barrier to the formation of the double kink using the methoddescribed above. The results of the constrained cluster calculations are shown in Fig. 4 andreveal an energy barrier to kink pair formation of 1.80 eV. This then is approximately Wm.The implication is then that the formation energy of kinks is a small fraction of Wm and ourestimate for Q, the activation energy for dislocation velocity, is 1.9 eV. This is reasonablyclose to the observed energy of 2.2 eV. Nevertheless, Fk is at the lower end, and Wm at thehigher end, of the experimental estimates discussed in section II.The energy levels of the relaxed clusters containing the straight, kinked and saddle pointdislocation con�gurations are shown in Fig. 5. The dashed lines represent the three lowestempty levels. The straight and kinked dislocations have band gaps devoid of deep mid-gapstates consistent with strong reconstruction. The band gaps are larger in the clusters usedhere than in bulk because of the e�ect of the hydrogen atom con�nement. In the case of thesaddle point con�guration, a �lled and an empty level have been pulled into the mid-gapregion from the top of the valence band and the bottom of the conduction band respectively.They arise from bonding and antibonding states of heavily strained Si{Si bonds. We nowargue that the positions of these saddle point levels lead to the prediction that the barrier,E1, in doped material is lower than in undoped material [20]. In n-type Si, we expect a7



shallow kink acceptor level to be occupied and the total energy of this con�guration wouldinclude the energy of this state. At the saddle point, however, this level has now dropped tomid-gap (Fig. 3c) and the energy of the charged saddle point con�guration would be loweredover the charged kink con�guration by approximately half of the energy gap | providedchanges in the Hartree and exchange-correlation energies are ignored. This is similar tothe model of Hirsch [19] for the doping e�ect except the deep levels are associated with thesaddle point con�guration and not with kinks. Similarly, emptying a shallow �lled kink statein p-Si would reduce the activation energy for positively charged kinks. Initial experimentalinvestigations [47{49] showed that Q is reduced by 0.6 eV for Si:P and 0.5 eV for B dopedSi in accordance with the theory. However, later experimental studies [29], although �ndingthe same reduction in Q for n-doping, failed to �nd an e�ect for boron doping. The e�ectdisappears above a certain temperature and it may be that this critical temperature wasdi�erent in the more recent investigations.B. The � Partial in GaAsThe same method has been applied to the two types of partial in GaAs. For the straightdislocation, the central Ga{Ga core bond of a 90� partial is strongly reconstructed withlength 2.41 �A. The backbonds have lengths 2.48, 2.43, 2.54, 2.47 �A in the glide plane and2.38 and 2.37 �A out of the glide plane. These represent strains of �5% about the same asfound for Si.In the case of the kinked dislocation, the central Ga{Ga bond in the double kink haslength 2.42 �A, with backbonds 2.50, 2.46, 2.40 and 2.45 �A long in the glide plane and2.34 and 2.38 �A out of the glide plane. These strains are similar to those in the straightdislocation. The di�erence in energy between these two clusters is 0.4 eV. This, togetherwith the kink-kink interaction term calculated in section II gives an estimate for Fk of 0.27eV.The energy barrier to double kink formation is shown in Fig. 6 and gives E1 to be 1.30 eV.The kink migration energy, Wm, is then estimated to be 1.1 eV and the activation energy forthe dislocation velocity, Q, to be 1.4 eV in reasonable agreement with experimental valuesranging from 1.24 to 1.57 eV.The energy levels for the straight, kinked and saddle point con�gurations compared withthose of a perfect 154 atom hydrogen terminated GaAs cluster are shown in Fig. 7. Thestraight and kinked � dislocations (Figs. 7 b, c) have a somewhat smaller band gap thanthe perfect cluster (Fig. 7 d). It is, however, not possible for us to be certain whetherthe � partial, or indeed the � partial, introduce shallow states into the band gap becauseof the sensitivity of the levels to the actual cluster. In contrast with Si, the saddle pointcon�guration (Fig. 7 a) has only a �lled level in the upper gap. This suggests a stronge�ect on Q in p-doped material. On p-doping, this level would be empty, hence reducingE1. Now the dislocation velocity is the sum of contributions from kinks in di�erent chargestates. The theory predicts that the mobility of positive charged kinks would be greater thaneither neutral or negatively charged ones. Thus, as the Fermi level rises with n-type doping,the concentration of positive charged kinks becomes progressively less, and the dislocationvelocity becomes dominated by neutral or negatively charged kinks with higher values of8



Q. This is in agreement with experiment, as this shows that Q increases from 1.15 eV inp-GaAs to 1.3 eV in undoped material, and to 1.6 eV in n-GaAs [31,32].C. The � Partial in GaAsIn agreement with previous results for the straight dislocation, the central As{As corebond of a 90� partial is only weakly reconstructed with length 2.58 �A. This is 6% longerthan a GaAs bond. The backbonds have lengths 2.54, 2.42, 2.63, 2.43 �A in the glide planeand 2.39 and 2.40 �A out of the glide plane.In the case of the kink, the As{As bond has length 2.54 �A, with backbonds of lengths2.54, 2.42, 2.52 and 2.50 �A in the glide plane and 2.37 and 2.41 �A out of the glide plane.The di�erence in energy between these two clusters is negligible. Taking the kink-kinkinteraction energy into consideration, the kink formation energy, Fk, is calculated to be0.07 eV|substantially less than that of the � partial.The results of the constrained calculations for the activation barrier are shown in Fig. 8and give E1 andWm to be 0.7 eV. Thus we �nd Q to be about 0.8 eV in this case. E1 and E2are much smaller for � partials than � ones because of the weak core reconstruction of theformer. The theory then accounts for the greater mobility of � partials, and the predictedvalue of Q lies at the lower end of experimental estimates of 0.89 to 1.3 eV.The energy levels for the straight, kinked and saddle point con�gurations are shown inFig. 7. The straight and kinked dislocations (Figs. 7 e, f) have energy levels similar tothose of the � partial. This suggests that electron beam induced current (EBIC) contrastshould be similar for both partials in the absence of impurities or defects. The saddlepoint con�guration (Fig. 7 g), however, has an empty level pulled down from the conductionband bottom and lies just above the valence band top. This is quite di�erent from the �partial case. It suggests that negatively charged kinks in � partials should, in contrast to� ones, have greater mobility than positively charged ones. In n-GaAs, this level would beoccupied, hence it would cost less energy to pull it towards the valence band thus reducingE1. Indeed, experiments reveal a reduced activation energy for n-type material for Q changesfrom 1.10 eV in n-GaAs to 1.3 eV in undoped material, and to 1.4 eV in p-GaAs [32]V. DISCUSSIONThe ab initio cluster method shows that the shortest possible double kink on a 90� partialhas very low formation energy in both Si and GaAs. These small values arise because boththe straight and kinked dislocations possess bond lengths strained by a similar amount.Consequently, the energy of the double kink, at least in Si and for � cores in GaAs resides inthe elastic strain �eld. The activation barrier on the other hand is very large. It is likely thatthe cluster method underestimates the true formation energy, and overestimatesWm, as thecluster surface is free to relax in our calculations and it is known that, near the surface, theformation energy of defects can be reduced [50]. Nevertheless, this reduction is likely to bethe same in materials with similar elastic properties and we can conclude that, whereas theformation energy of kinks in Si is comparable to those in GaAs, the values of Wm are quitedi�erent and reect the strength of chemical bonds. Wm is greatest for Si and is least for �9



partials. The errors expected from our ab initio method are a few tenths of an eV, and whenthis is taken into account the values of Fk and Wm span the ranges reported by di�erentexperimental groups. Table 1 gives our estimates of these parameters. The predicted valuesof the activation energy for dislocation motion, Q, are in reasonable agreement with theavailable results in Si and agree closely with the values of refs. [30,42] in GaAs. Theseresults support the Hirth-Lothe model for the dislocation velocities in semiconductors.The energy levels associated with the saddle point for kink pair activation are verydi�erent in the three cases investigated. In Si, they lie around mid-gap and the activationenergy for neutral, negatively and positively charged kinks are expected to be very di�erentwith neutral kinks being the least mobile. For the � partial in GaAs, an occupied saddlepoint level is close to the conduction band and leads to the prediction that positively chargedkinks have greater mobility than either neutral or negatively charged ones. In the case ofthe � partial, an empty saddle point level lies near the top of the valence band and thissuggests that n-doping lowers the activation barrier. Of course, these levels also suggeststrong reductions in the barrier when electron-holes pairs are present from either currentinjection or photo-ionization.S. �O thanks the Swedish National Research Council for �nancial support. M. I. H. thanksthe UK Engineering and Physical Sciences Research Council for an Advanced ResearchFellowship.
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TABLESTABLE I. Calculated values of Fk, Wm and Q, in eV, and crystal type necessary for reductionin Q Fk Wm Q typeSi 0.1 1.8 1.9 n-type, p-typeGaAs �-partials 0.3 1.1 1.4 p-typeGaAs �-partials 0.07 0.7 0.8 n-type
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VI. FIGURE CAPTIONSFig. 1. The 158 atom cluster, Ga42As42H74, containing a 90� partial dislocation with areconstructed core. The small spheres indicate Ga, and the larger ones As. The terminatingH atoms are not shown. The two lines of Ga core atoms parallel to the dislocation line along[10�1] are bonded together with reconstructed bonds. The Burgers vector of this partial liesalong [1�21] and is perpendicular to the dislocation line. The (100) slip plane is perpendicularto the dislocation line and to the Burgers vector and cuts through the reconstructed bonds.Fig. 2. Schematic representation of the energy involved in the formation of a kink pairof width nb, and the migration energy, Wm, of a kink. E1, and E2 represent the activationbarrier and formation energy of a double kink of width n = 1.Fig. 3. The atoms in the glide (111) plane, i. e. parallel to the horizontal plane in Fig. 1,for the relaxed straight and kinked 158 atom GaAs cluster. The full line in the �rst �gure isin the dislocation core along [10�1] and is perpendicular to the partial Burgers vector of the90� partial along [1�21]. The double kink has moved part of the dislocation in the (111) slipplane and in the direction of the Burgers vector.Fig. 4. Contour plot of the energy barrier, E1 eV, to kink pair activation for the 90� par-tial in Si. The lower left hand corner is close to the con�guration of the straight dislocationwhereas the upper right hand corner is close to that of the double kink.Fig. 5. Cluster energy levels (eV) for the (a) straight (b) kinked, and (c) saddle pointdislocation structures in Si. The broken lines show the three lowest unoccupied levels. Notethat there is a substantial energy gap between the �lled and empty levels for the straight andkinked dislocation but two deep gap levels for the saddle point con�guration correspondingto double kink activation.Fig. 6. Contour plot of the energy barrier, E1 eV, to kink pair activation for the 90� �partial in GaAs.Fig. 7. Cluster energy levels (eV) for the (a) saddle point structure of � partial, (b)kinked structure of � partial, (c) straight � partial, (d) perfect 154 atom cluster, (e) straight� partial, (f) kinked structure of � partial, (g) saddle point structure of � partial. Thebroken lines show the three lowest unoccupied levels. Again there is a gap between thehighest �lled and empty states of all the dislocations except those corresponding to saddlepoint structures in (a) and (g). However, the possibility of electron or hole traps associatedwith the dislocation cores cannot be excluded.Fig. 8. Contour plot of the energy barrier, E1 eV, to kink pair activation for the 90�� partial in GaAs. The lowest left hand corner is close to a con�guration of a straightdislocation and the upper right hand corner is close to that of the double kink.
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