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B4 Semiconductor heterojunctions and devices





Refs: F. Capasso and G. Margaritondo (eds) ‘Heterostructure band discontinuities: physics and device applications’ (Springer, 1987); P. Butcher, N.H. March and M.P. Tosi (eds) ‘ Physics of low-dimensional semiconductor structures’ (Plenum, 1993); A.C. Gossard (ed) ‘Epitaxial microstructures’, in Semiconductors and semimetals series, vol 40 (Academic, 1994); M.J. Kelly ‘Low-dimensional semiconductors’ (Oxford, 1995), plus section B3 refs, and articles cited in text.





	In this lecture, I cover various aspects of the electronic and optical properties of thin film semiconductor device structures. Since this a vast field in its own right, I have only ever been able to give a relatively elementary introduction. The literature cited can be used to obtain more details.





(a) Origins of Schottky barrier heights





	There has been much discussion of the origin of Schottky barrier heights, and other related phenomena at metal-semiconductor and semiconductor-semiconductor interfaces. As often in physics, there are two limiting cases which can be addressed analytically, with reality either somewhere in between, or involving other elements not present in either. In this case the story starts with the Schottky model (1939), and continues with the opposing model of Bardeen (1947). The question to be answered is: what determines the energy levels in the semiconductor? 





	In the Schottky model, we bring together the metal and the semiconductor, and assume there is no electric field in the space between them. This means that we can form the barrier as the difference between the work function of the metal (M, and the electron affinity of the semi-conductor (S: i.e (B = (M - (S. This model can be tested: pick any semi-conductor, deposit a series of metals on it, and measure the barrier height (B. This should scale directly with the metal work function (M. The test has been done many times (see Brillson, 1982, Rhoderick and Williams, chapter 2, Lüth, chapter 8, fig 8.3) and the variation with metal workfunction is usually much weaker than this model implies. In the case of Mönch’s work on Si(111)2x1 cited by Lüth, changing metals to give (M from 2 to 5.5 eV increases (B  modestly from 0.3 to 0.9 eV.  





	The Bardeen model assumes that surface states are sufficient to pin the Fermi level in the semiconductor, and notes that this energy level is placed at (0 above the valence band edge. Thus the top of the conduction band, which forms the barrier, is at (Eg - (0) above the Fermi level; thus (B = Eg - (0, and the barrier height shouldn’t vary at all with the work function of the metal. This is also rarely satisfied in experiment, and we must consider that these two models continue to be discussed because they are simple limiting cases. Once one begins to think in terms of the detailed mechanisms of what happens when two surfaces are put together to form the interface, then the basis of both models falls apart. For example, the two surfaces in vacuum may well be reconstructed, and this reconstruction will change, and may be eliminated in the resulting metal-semiconductor interface. Also the interfaces may well react chemically, and/or form a complex microstructure: do such ‘metallurgical’ effects have no influence on the result? 





	For many years these types of uncertainty lead to a whole series of tabulations of data, and empirical models which were all more or less specific to particular systems. This discussion was often played out at conferences, such as PCSI- Physics and Chemistry of Semiconductor Interfaces, or ICFSI- International Conference on the Formation of Semiconductor Interfaces, both still going at #25 (January 1998, to be published in J. Vac. Sci. Tech.) and #6 (June 1997, published in Applied Surface Science) respectively. Short of a absorbing a detailed historical survey, such as that written by Brillson (1982), Henisch (1984) and to a lesser extent by Rhoderick and Williams (1988), the question for the ‘interested reader’ is: what can one extract of reasonable generality from this field?  





	The model which has most appeal (for me) is that introduced in 1965 by Heine, and developed by Flores and Tejedor (J. Phys C11 (1978) L19; C12 (1979) 731) and by Tersoff (Phys. Rev. Lett. 52 (1984) 465; Phys. Rev. B30 (1984) 4875; B32 (1985) 6968; Surface Sci 168 (1986) 275 and refs quoted). There is also a simple free electron model introduced by M. Jaros (Phys. Rev. B37 (1988) 7112), and there are numerous correlations of empirical formulae with experiment. This topic is reveiwed by Tersoff in chapter 1 of the 1987 volume by Capasso and Margaritondo. Termed MIGS, this refers not to a russian fighter plane, but to Metal-Induced Gap States: i.e. to states which are present in the band gap of the semiconductor, and are populated due to the proximity of the metal. This leads to the result that the Fermi level is pinned at an energy close to the middle of the gap, a similar result to the Bardeen model, but for different reasons. It further emphasises the role of the ‘interface dipole’ and seeks to minimise this quantity. As such this becomes a quantitative (more or less) statement of the underlying point that ‘nature doesn’t like long range fields’, which I have been trying to emphasise in the discussion from section 1.5 onwards.





	 The ingredients of this model can be seen in diagram B25. We all know that there are forbidden energy regions in a bulk semiconductor, with an energy gap of width Eg. However, solution of the Schrödinger equation in a periodic potential doesn’t say that these gap states can’t exist, it merely says that they can’t propagate in an infinite medium. Mathematically this means that the k-vector has to have an imaginary component, which ensures decay of the wave function; we have seen this as a condition for a surface state in section 1.5. This decay is slower nearer to the band edges, and is most rapid close to mid-gap. Although this argument does depend in detail on the 3D reciprocal space geometry of the particular crystal, the 1D model shown gives the essential result. Thus the wavefunctions at these energies decay into the semiconductor, and must be matched to the travelling-wave solutions in the metal; this spill-over of charge creates an interface dipole. We have already seen, in section A1, that a ML array of relatively tiny electric dipoles can create quite large changes in electrostatic potential across the dipole sheet.





b) Semiconductor heterostructures and band offsets





	The above points can be brought out even more forcefully by considering semiconductor heterostructures, as shown in diagram B26. We bring together two semiconductors with different band gaps, and ask how the bands will line up. If the alignment is as in B26(a), the electrons will spill over from right to left, thus creating a substantial interface dipole; however, in the more symmetric alignment of B26(b) the electrons in the conduction band spill from right to left, whereas the sense is reversed in the valence band. The resulting charge distribution is much more compensated, i.e. the interface dipole is a lot smaller, and may even disappear. Simple, that’s it!





	Considered in terms of the Fermi energy, this problem is rather difficult to pose: we want the Fermi levels to line up, but at low temerature there are no states at EF, so the problem appears undefined. In terms of the interface dipole, however, the problem appears concrete, even if it is still just a tad elusive. As Tersoff points out, if a reference level can be found, then the problem is trivial: this is really what was going on in the Bardeen and Schottky models, but the reference levels were assumed. Comparable models exist for semiconductor heterostructures. For example the ionisation potential model (often called the electron affinity rule) is the exact analogue of the Shottky model, where the vacuum potential is the reference level, whereas the reference level in the case of metals is the Fermi energy. In Tersoff’s model, the reference point is the branching point energy EB, often called the charge neutrality level, En. It may be a difficult to pin down the exact definition of this quantity, but it corresponds to the energy where these states change over (branch) from being valence band-like to conduction band-like: it lies near to mid-gap!





	The electrostatic linear response model presented by Tersoff is instructive, and shows why semiconductors are close to the metallic limit. In terms of a polarisability (, where ( = ( - 1, he finds that the valence band discontinuity at the interface, (Ev, is given by





(Ev = ((/(1 + ())(Evn + (1/(1 + ())(Ev0,							 (B4.1)





where the first quantity (Evn is the difference between the charge neutrality levels, and the second (Ev0 is the difference between the ionisation energy levels of the materials in contact. Since for representative semiconductors, ( ~ 10, we can see that the first term on the right hand side of B4.1 dominates, unless (Ev0 >> (Evn.  





	The challenge for a priori quantum mechanical calculations is that Schottky barrier heights and semiconductor band offsets are of order 0.3-1.0 eV, and can be measured to mabe (0.02 eV precision; but to calculate these values to (0.1 eV is extremely difficult. In particular, it is not easy to ensure that charge neutrality is maintained across the interface (where is it located anyway?- see the discussion by Tersoff) to the required accuracy.





	The response (to the lack of highly accurate ab-initio calculations) is to make correlations which are expected to be true if the basic model is on the right track. Assuming that metal-semi-conductor and semiconductor- semiconductor band alignments are similar in origin, then (EF - Ev) for the metal should parallel (EB - Ev) for the semiconductor, and this equals the (negative of the) barrier height for a p-type metal-semiconductor contact (BP, since in this case EF is close to Ev. This correlation, shown in diagram B27, is perhaps the most successful prediction of the MIGS model. As can be seen in the diagram and the corresponding table B28 (showing competing calculations as of Tersoff, 1987), the predictions are good  to around 0.1 eV. From listening to talks, and from reading various articles of later date, I get the impression that more recent calculations have not substantially improved on this figure. 


�
c) Opto-electronic devices and ‘band-gap engineering’





	Several books (e.g. Butcher et al., 1994 and Kelly, 1995) and many conference articles make it clear that artificially tailored semiconducting heterostructures now form the leading edge of device technology, and indeed have done so for the last twenty years. By alternating thin layers of  e.g. GaAs with e.g. (AlGa)As, one can produce structures with remarkable opto-electronic properties, such as the multiple quantum well (MQW) laser, and many others. They are fabricated by techniques such as MBE or MOCVD (see section 2) and can be patterned using optical or electron-based lithography techniques to form real devices (see e.g Kelly (1995) chapters 2 and 3). I will take this background as read, and try not to introduce any more acronyms than necessary. 





	These new devices come in various geometries. Quantum well lasers are examples where the device uses a material structured in one dimension, perpendicular to the layers, so that the electrons are confined in this direction and move (freely) in the other direction. So are devices based on the 2D-electron gas (2DEG) used to observe the Quantum Hall Effect (QHE) and many other effects. As can be seen in the n-type case illustrated in diagram B29(c), the 2DEG exists in a thin layer where the conduction band of the narrower gap material dips below EF; there are of course equivalent cases for p-type material. There are also wires (1DEG) and dots (0DEG), of which more in section d).





	In a QW heterostructure, the electrons and holes are confined in a thin fillm of the narrower band gap material, i.e. GaAs, with Eg = 1.35 eV at RT or 1.42 eV at 77K, surrounded by (AlGa)As, as illustrated in diagram B30 (the band gap of AlAs is ~2.2 eV). A key quantity is the valence band offset, (Ev, shown in B29(b), or equivalently (Ec. The energy levels in the well are determined by how the band gap difference (Eg is partitioned between (Ev and (Ec. The quantity Qc is the proportion of the gap difference which appears in the conduction band: i.e. Qc = (Ec /(Eg. 





	Although the quantization of the energy levels in the z-direction leads to the 2DEG, electrons and holes can move in the x and y directions parallel to the interface; so what is shown in diagrams such as B30 is not a unique level, but the onset energy of a series of closely spaced levels. Within such a structure, the 2D density of states is a step function (e.g. Kelly, p78). For GaAs and similar materials, there are also light and heavy holes, related to spin-orbit splitting in the valence band, and the material, in contrast to Si, has a direct band gap (e.g. Kelly, p4-6).





	Thus the optical properties of the well are now determined by the electron and hole masses (three parameters), the well width Lz, and Qc. Duggan (1987, chapter 5 of the Capasso and Margaritondo volume) has given a useful introduction to the determination of optical properties, typically pursued via optical absorption or photoluminescence (PL) experiments; another useful starting point is Kelly (1995), chapter 10. As shown in diagram B31, the optical absorption (transmission) spectrum shows peaks which can be identified with light and heavy hole transitions. Note, in passing, that these experiments only work at low T, as the transitions are too broad at RT, and the number of parameters involved causes quite a bit of difficulty for data analysis. Nevertheless, as seen in the table (diagram B32), these parameters can be determined (or assumed in order to get better values of other parameters), and in particular lead to Qc values typically in the range 0.6-0.8. 





	In the same 1987 volume there are extensive tabulations of experimental valence band discontinuities (Ev, obtained largely by photoemission (Margaritondo and Perfetti, chapter 2 UPS and Grant et al., chapter 4 XPS, see section 3.3), but also by other techniques including extensions of C-V profiling and DLTS. Raman Scattering has also been found useful (J. Menendez et al., Phys. Rev B33 (1986) 8863). Comments up to 10 years later are given in P. Butcher et al., (1994, chapter 1 by Sham, p11-13) or Kelly (1995, p58-9, and p312-317). Not that much has changed; the technology has moved ahead on several fronts, e.g. the infrared devices based on resonant tunelling via minibands pioneered by Capasso, but the science had arrived at a certain point by the late-80’s.  





d) Further developments: modulation and delta-doping, strained layers, quantum wires and dots


 


	In heterostructures, we also have to have provide carriers via doping. But if the layers are narrow enough, we may be able to put the dopants at different positions and thereby increase carrier mobilties by strongly reducing charged impurity scattering. This is one of the key points behind modulation doping, illustrated in diagram B33, and is a factor in delta-doping, i.e. doping on a sub-ML scale, which can be used to change the shape of quantum wells (see E. Schubert, chapter 1 in the Gossard volume). One of the limits to the effectiveness of such techniques is the fact that dipoles are set up between the layers, which will of course also bend the bands. Depending on the doping level, the various length scales may or may not be comparable. 





	A useful reminder of the importance of understanding the role of differing length scales in solid state physics is given by Kelly (1995, p 76), echoing earlier famous remarks by P.W. Anderson; there is a corresponding set of remarks to be made about changes of dimensionality, from 3D to 2D and so on down to 0D (see e.g. Kelly, chapter 4, p78-82, 99 and throughout subsequent chapters). 





	For example, a layer-like heterostructure which behaves as a 2DEG in zero magnetic field, can be transformed in a 0DEG dot-like structure in a strong magnetic field, as the size of the cyclotron orbit becomes less than the lateral dimensions of the device. This is a key aspect of various devices based on ‘quantum conduction’: often the leading edge devices only work at low T and/or in a high B field. For this reason such devices are competitive in applications where ultimate sensititivy is required (e.g. telephone/TV satellite transmission and reception, or in astronomy), and not in domestic receivers whose emphasis is on optimum RT performance, where high electron mobility transistors (HEMT’s) based on GaAs/(AlGa)As are a success story (Kelly, chapter 5, p 102).





	Some of these transitions are exemplified in strained layers, of which the archetype consists of GeSi alloys of various compositions on Si(100). The compressive strain due to 4% larger lattice constant of Ge means that the layers have a tetragonal distortion, which lifts the degeneracy of the four valence band minima with k parallel to the layer from the two with k perpendicular to the layer. This, and the switch of the position of the conduction band minimum at high Ge composition, influences both the band gap and offsets as a function of both composition and strain, shown in diagrams B34 and 35 (People, Bean et al. 1986; see e.g. Kelly 1995, chapter 14). A realistic feel for the amount of work done on just this one system may be obtained from the reprint collection: A.M. Stoneham and S.C. Jain, ‘GeSi Strained Layers and their Applications’, Institute of Physics, 1995.





	Quantum wires can be formed on a linear surface structures, the most obvious of which are vicinal surfaces consisting of arrays of steps. Experiments on a variety of configurations based on GaAs and AlGaAs are described by P. Petroff (1994, chapter 3 in the Gossard volume). The problem is that individual steps are typically too rough to make this approach work, unless regular multiatomic height steps can be reliably fabricated; this is very much a current research effort. It is not yet clear that such aproaches can supplant lithography techniques, which to date has scarcely been challenged in the practical arena. 





	Similarly, quantum dots, in the Ge/Si system for example, need to be rather uniform in size to be ‘useful’; the question of whether one can persaude them to do this during growth of their own accord (i.e. via self-organisation), or whether one uses lithographiclly patterned substrates, or perhaps some combination of the two, is also a hot topic. A discussion of recent results using patterned layers is given by E. Kapon (1994, chapter 4 in the Gossard  volume), and I have discussed some of the growth issues myself in a recent conference article (Physica A239 (1997) 35); this topic overlaps with the lectures in section E of the course.





	I do not propose here to drag you any further in these particular directions. I merely note that mainstream semiconductor authors (excepting those quoted here, of course) often don’t give much weight to ‘surface processes’; their interests may well lie elsewhere, typically in the electronic and optical properties of the grown devices. Nevertheless, the growth and doping technologies used to produce such heterostructures are intimately bound up with surface processes. In other words, watch this space for future developments and understanding! As always, new science and technology materialises at the interface between well-developed, but previously self-contained, fields.
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