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Abstract:



Dislocations exhibit a number of exceptional electronic properties resulting in a significant increase of the drain current of metal-oxide-semiconductor field-effect transistors (MOSFETs) if defined numbers of these defects are placed in the channel. Measurements on individual dislocations in Si refer to a supermetallic conductivity. A model of the electronic structure of dislocations is proposed based on experimental measurements and tight binding simulations. It is shown that the high strain level on the dislocation core—exceeding 10% or more—causes locally dramatic changes of the band structure and results in the formation of a quantum well along the dislocation line. This explains experimental findings (two-dimensional electron gas and single-electron transitions). The energy quantization within the quantum well is most important for supermetallic conductivity.
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1. Introduction


Defects in crystalline materials modify locally the periodic order in a crystal structure. They characterize the real structure and are generally divided by their dimensions [1]. Therefore, dislocations are one-dimensional defects. Dislocations were implemented for the first time in the early 1900s to explain the elastic behavior of homogeneous, isotropic media. Weingarten [2] showed that, in the absence of external forces, equilibrium configurations of elastic bodies with nonzero internal stress can exist. Based on Weingarten’s theorem and earlier work of Michell [3] and Timpe [4], Volterra [5] described six elementary distortions of a right circular, homogeneous, hollow, isotropic cylinder, which he called “distorsioni”. The Italian word “distorsioni” was changed to the English designation “dislocations” by Love [6]. The application of this term to denote a particular elementary type of deviation from the ideal crystal lattice structure was due to Orowan [7], Polanyi [8], and Taylor [9,10]. According to Frank [11], only Weingarten-Volterra distortions of the first, or translational, kind characterize crystal dislocations, whereas distortions of the second, or rotational, kind denote disclinations (“Mobius Crystals”). The latter are used to describe defect states in liquid crystals, polymers, and flux line lattices of superconductors [12,13,14].



The physical interpretation of dislocations as part of the real structure of crystals by Orowan, Polanyi, and Taylor was a basis for understanding numerous experimental findings. For instance, Volmer’s work on nucleation indicated that the layer growth of perfect crystals would not be appreciable until supersaturations of about 1.5 were attained [15]. Experimentally, however, crystals were observed to grow under nearly equilibrium conditions [16]. This discrepancy was resolved by postulating that growth could proceed at lower supersaturations by the propagation of ledges associated with the point of emergence of a dislocation at the surface [17]. Furthermore, dislocations were also involved in the explanation of discrepancies between theoretical and experimental values of the applied shear stress required to plastically deform crystals. According to Frenkel [18], the theoretical critical shear stress σtheor for perfect crystals is
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(1)




where G is the shear modulus, b the spacing between atoms in the direction of the shear stress, and a the interplanar spacing. Experimental data, however, showed that the resolved shear stress is orders of magnitude lower than σtheor [19,20]. Measurements on real, well-annealed crystals refer to stresses required for incipiently plastic deformation of the order of 10−9 G.



Indications to the existence of dislocations in plastically deformed crystals have been found by early etch experiments and X-ray diffraction analysis [20]. The introduction of the transmission electron microscopy in the early 1950s provided completely new possibilities to investigate complex dislocation arrangements and individual defects by direct imaging [21,22,23]. Since then, an enormous number of experimental results about the structure, formation, and reaction of dislocations in different materials has been published using improved electron microscopic and other imaging techniques. This also includes the investigation of dislocations in silicon. One of the first results was the detection of copper precipitates on dislocations in plastically deformed silicon by Dash [24].



Today, the role of dislocations in the plastic deformation of silicon has been largely settled. Dislocations, however, also affect electronic and optical properties, which are of major importance for semiconductors. Hall effect measurements, electron paramagnetic resonance (EPR), and deep level transient spectroscopy (DLTS) as well as electron beam induced current (EBIC) techniques proved the electrical activity of dislocations in silicon [25,26,27]. The radiative recombination of carriers on dislocations was first described by Drozdov et al. by photoluminescence spectroscopy [28,29,30]. None of these methods presented a comprehensive picture of the electronic and optical properties of dislocations in silicon. One of the reasons is that most of the listed methods require large numbers of defects to attain their detection limits. Such high densities of defects were generated by plastic deformation introducing also large numbers of other defects (point defects) and defect reactions making it difficult to interpret experimental data. In order to avoid interactions between dislocations or between dislocations and other defects, methods are required allowing the realization and analyses of only a few dislocations, or, in the ideal case, of a single dislocation. One is the growth of bicrystals resulting in the formation of specific grain boundaries exhibiting well-defined dislocation arrangements [31,32]. A more sophisticated method is semiconductor wafer direct bonding generating two-dimensional dislocation networks with variable dislocation spacing [33,34].



The present paper deals with results of investigations of a certain number of dislocations in two-dimensional networks prepared by semiconductor wafer direct bonding. Using metal-oxide-semiconductor field-effect transistors (MOSFETs) as test structures, the electronic properties of only a few, down to individual dislocations, were analyzed. Results of optical properties of the same type and number of dislocations were obtained by photoluminescence and electroluminescence spectroscopy, respectively.




2. Dislocations in Silicon


Dislocations are one-dimensional crystal defects. Therefore, their properties depend on the crystal symmetry. This section summarizes some fundamental facts about individual dislocations in silicon and dislocation networks important for explaining results presented below.



2.1. General Aspects


Silicon crystallizes in the cubic diamond structure (space group Fd3m). The lattice constant is a = 0.543 nm. The glide plane is {111} and perfect dislocations have Burgers vectors of the type b = a/2<110>. Two types of perfect dislocations are known in the diamond lattice: pure screw dislocations and the so-called 60° dislocations, where the Burgers vectors are inclined at an angle of 60° to the dislocation line [35]. Caused by the diamond structure, which corresponds to two face-centered cubic (fcc) lattices displaced by (¼, ¼, ¼), two distinct sets of {111} lattice planes exist, the closely spaced glide subset and the widely spaced shuffle subset [19]. There was a long controversial discussion about the dominant dislocation type in the diamond structure. Early investigations suggest the presence of dislocations in the shuffle set because movement through one repeat distance on a shuffle plane breaks one covalent bond per atomic length of dislocation [36], while an equivalent step on a glide plane involves the breaking of three bonds [37]. On the other hand, applications of electron microscopy, especially of the weak-beam technique, have particularly shown that dislocations in silicon are in general dissociated and glide in this extended configuration [38,39]. Today, it is generally assumed that most of the dislocations in silicon, especially after plastic deformation, belong to the glide set [40,41].



The dissociation of a 60° dislocation results in a 30° partial and a 90° partial dislocation, while screw dislocations dissociate into two 30° partials. The dissociation follows the reaction [42]


b → b1 + b2,



(2)




where in the case of a 60° dislocation
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(3a)




and for a screw dislocation
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(3b)




holds.



Numerous models have been proposed about the structure of dislocations [33]. Because dislocations are line defects, a structural disorder exists only in one dimension. This so-called dislocation core may be a few micrometers in length but has a diameter of only about 1 nm. First models of perfect dislocations assumed dangling bonds in their core [35]. Experimental data, however, obtained mainly by EPR spectroscopy refer to a low density of such dangling bonds [27]. Therefore, different models of the reconstruction of perfect and partial dislocations have been proposed by computer simulation [43].



The atoms in a crystal containing a dislocation are displaced from their perfect lattice sites. The resulting distortion produces a stress field in the crystal around the dislocation, which, for the sake of simplicity, is described mostly in terms of isotropic elasticity theory [19,20,44]. Within this framework, a straight dislocation is represented in terms of a cylinder of elastic material. In case of a screw dislocation, there is only a displacement along the dislocation line (uz), while no displacements exist in both perpendicular directions (ux = uy = 0). The displacement along the dislocation line increases uniformly from zero to b, the magnitude of the Burgers vector, as θ, the radial angle, increases from 0 to 2π:


[image: there is no content]



(4)







This result in the components of stress for a screw dislocation in Cartesian coordinates [20]


σxx = σyy = σzz = σxy = σyx = 0



(5a)
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(5b)
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(5c)




where r is the radius of the cylinder. With r → 0, it follows that the stress components becomes infinite (σxz = σyz →∞). This means that elasticity theory cannot be applied beyond a distance r0, equal to a few atom spacings. This region is defined as dislocation core. Using a typical value of the shear modulus for Si of G = 160 GPa the stress components of a screw dislocation are plotted in Figure 1. There is a long-range stress field around the dislocation. The stress reaches values of about 200 MPa close to the dislocation core (r ≅ r0) and decreases with increasing r. As already mentioned, the stress inside the core cannot be calculated but is estimated to be orders of magnitude higher.


Figure 1. Plots of the stress components σyz (a) and σxz (b) of a screw dislocation. The stress outside the dislocation core reaches values up to about 200 MPa. The scale shows the stress in GPa.
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The stress field of an edge dislocation is more complex than that of a screw dislocation but can be represented in an isotropic cylinder in a similar way. The displacement in the z direction is zero and the deformation is called plane strain. The stresses are found to be [20]


σxz = σzx = σyz = σzy = 0,



(6a)
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(6b)
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(6c)
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(6d)
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(6e)




where
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with ν as Poisson’s ratio (ν = 0.22 for silicon). The stress field of an edge dislocation has both dilational and shear components. The largest normal stress is σxx which acts parallel to the slip vector. Since the slip plane can be defined as γ = 0, the maximum compressive stress acts immediately above the slip plane, while the maximum tensile stress acts immediately below the slip plane. Figure 2 shows the stress components for an edge dislocation in silicon. Using typical values for G and ν, the stress close to the core reaches similar values as for a screw dislocation but in different directions.


Figure 2. Plots of the stress components σxx (a), σyy (b), and σxy (c) of an edge dislocation. The scale shows the stress in GPa.
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2.2. Two-Dimensional Dislocation Networks


Wafer direct bonding is a smart technique to realize numerous types of two-dimensional dislocation networks under defined and reproducible conditions [34]. A short description of the method is presented in Section 4. Wafer direct bonding requires the adhesion of two semiconductor wafers and a subsequent annealing to modify the atomic bonds via the interface. To generate a two-dimensional dislocation network in the bonded interface, hydrophobic surfaces are required. As a result, two atomic flat surfaces are joined. Because both surfaces are not perfectly aligned to each other, defects are produced during the formation of atomic bonds via the interface in consequence of a subsequent annealing. The defects formed are dislocations in a two-dimensional network strictly located in the interface. The network and type of the dislocations therein depend on the crystal orientation of both initial wafer surfaces, their twist and tilt angles, as well as annealing conditions.



The influence of the crystal orientation of both surfaces is shown in Figure 3. Bonding of two {100}-oriented silicon wafers initiates a dominant dislocation network having square-like meshes produced by two orthogonal sets of screw dislocations. A hexagonal network of screw dislocations is formed if {110}-oriented wafers are applied for the bonding process. Furthermore, a dislocation network with hexagonal meshes is also obtained for bonding of {111}-oriented wafers. Here, the dislocations forming the mesh structure are Shockley partial dislocations having Burgers vectors of the type b = a/6<112>. Bonding of wafers with different orientation has also been investigated. For instance, Bourdell et al. [45] analyzed dislocation networks formed by bonding of (110)- and (100)-oriented wafers. Using the orientation relation <110>{110} parallel to <110>{100}, only parallel arrangements of 60° dislocations are observed. Different results have been found by applying the orientation relation <100>{110} parallel to <110>{100} of analogous wafer pairs [46]. The defects obtained under these conditions are not clearly identified but it is expected that their Burgers vector is about one quarter of a screw dislocation.


Figure 3. Transmission electron microscopic images of dislocation networks formed by wafer bonding of wafers with different surface orientation indicated in the figures.
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The misfit, or the misorientation between both bonded wafers, also influences the morphology of the generated dislocation network. Both the twist and tilt components are directly related to the dislocation distance within the networks. The twist component ϑtwist is related to the dislocation distance Stwist by the equation
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(7)




while the tilt component ϑtilt is related to the dislocation distance Stilt by
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(8)







The twist component affects the primary dislocation network, which is the square-like network of screw dislocations in the case of bonding of {100}-oriented wafers. Varying ϑtwist results in changes of the dislocation distance. Decreasing ϑtwist increases the distance of screw dislocations in the network. In reality, the screw dislocation distance is varied from a few nanometers up to a few hundred nanometers.



On the other hand, the tilt component of the misfit causes a second dislocation network overlaying the primary one. This additional network consists of 60° dislocations for bonding of {100}-oriented wafers. Screw and edge dislocations of both networks may react with each other. Different types of interactions are discussed, for instance, in [47] for bonding of {100}-oriented wafers. Interactions between both types of dislocations are only important if ϑtilt ≅ ϑtwist, i.e., dislocation distances in both networks are nearly equal. Because in practical applications mostly ϑtilt << ϑtwist holds, pure screw dislocation networks without interactions with 60° dislocations are observable.



Bonding of wafers with other orientation relations show more complex interactions. The hexagonal network of screw dislocations in the case of bonding of {110}-oriented wafers can also interact with 60° dislocations caused by the tilt component of mistfit. The original (100) twist boundary consists of one set of screw dislocations of the type b = a/2[−110] in the plane and a second set of screw dislocations of the type b = [001] oriented perpendicular [48]. The latter is instable and dissociates according to the reaction
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(9)







Interaction of both dissociation products with the original screw dislocations in the plane results in
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(10)




and
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(11)







Rearrangements of the different segments result in a relaxed arrangement shown in Figure 4 where all segments are parallel to {111}-planes.


Figure 4. Part of the dislocation network of a (110)/(110) bond wafer pair shown in Figure 3 and schematic representation of the dislocation structure. The numbers specify the corresponding Burgers vectors listed on the right side.
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2.3. Structure of Individual Dislocations


Transmission electron microscopy is the preferred method to investigate structural properties of individual dislocations. Figure 5 shows a high resolution electron microscope (HREM) image of a cross-section of two dislocations in the interface of a (100)/(100) bonded wafer pair. Caused by the imaging contrast (phase contrast), strain fields around the dislocations are not visible. The dislocations are characterized by distortions of the periodic lattice structure around the defects. The size of the distortion is about one to two nanometer and should define the dislocation core. Weak beam techniques proved an increasing number of dissociated dislocations with increasing annealing temperature [49]. Subsequent annealings after bonding at T ≥ 1050 °C causes that almost all dislocations in the networks are dissociated. A high-angle annular dark field (HAADF) image of a dissociated screw dislocation is shown in Figure 6a. The dissociation causes the formation of two 30° partial dislocations bounding a stacking fault. A model of the atomic structure of the defect is shown in Figure 6c, which corresponds to the structure of a dissociated screw dislocation expected by molecular dynamics [50]. The strain field at the defect is quantified by peak-pairs analysis (PPA) of high-resolution electron microscope images [51]. This method extracts the strain ε in defects and the surrounding area by measurement of the lattice distortion. Analyses of ε in different directions clearly proved the strain fields on the partial dislocations but show also that most of the strain is concentrated on the dislocation cores. Inside the defects, tensile strain of about 10% exists, which is in accordance with theoretical predictions [52,53] and measurements on other dislocations [54]. According to Hooke’s law, a strain value of ε ≅ 10% corresponds to a stress of about 16 GPa, which is more than 100 times larger than in the stress field surrounding the defect (see Section 2.1.). Because it can be assumed that strain affects the band structure of silicon, the exceptionally high strain in dislocation cores detrimentally affects the band structure and therefore the electronic and optical properties.


Figure 5. High resolution electron microscopic images of individual dislocations in the interface of a (100)/(100) bonded wafer pair. The cross-sectional samples were prepared parallel to {110}.
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Figure 6. High-angle annular dark field electron microscope image of a dissociated screw dislocation (a); A {110} cross section sample was used for imaging. The resulting in-plane strain (εxy) in the {110} plane is tensile (εxy ≅ 10%) and concentrated on the partial dislocations (b); The scale characterizes the strain in percent. Positive values denote tensile strain, while negative values are related to compressive strain; (c) Model of the atomic structure of the dissociated screw dislocation shown in (a). A red color characterizes atoms of the undisturbed silicon lattice, while dark blue color denotes atoms of the 30° partial dislocations, and light blue color indicates atoms in the stacking fault.
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3. Electronic and Optical Properties of Dislocations in Silicon


3.1. Electrical Measurements on Dislocations


The effect of a dislocation network in the interface of bonded wafers was impressively proved by a simple experiment [55]. Using electron beam induced current (EBIC) technique on a cross-section sample of a bonded wafer pair showed that carriers are transported predominantly along the interface. Measurements of the EBIC contrast indicate a more or less undisturbed transport of minority and majority carriers over long distances.



For more detailed measurements on a few or individual dislocations, specific sample preparation techniques and measurement tools are required. To analyze individual defects, one has to exclude possible interactions with defects in the bulk material. This can be done using silicon-on-insulator (SOI) wafers for bonding experiments. Thinning the device layers and subsequent bonding result in new SOI wafers with a dislocation network in a thin silicon layer electrically isolated by a buried oxide (Figure 7a). In the interest of clarity and consistency, here, only results obtained on dislocation networks generated by bonding of (100)/(100) wafer pairs are reported. For measurements of the electronic properties of individual defects, devices are necessary to contact dislocations. Here, MOSFETs are used as test device. Preparing the channel directions parallel to <110>-directions implies that dislocations running parallel to the channel direction. Advantages of MOSFETs are their easy and clean preparation by well-known complementary metal-oxide-semiconductor (CMOS) technologies, a comprehensive knowledge about the device physics, and computer tools to simulate their characteristics. Using n- and pMOSFETs, the transport characteristics of electrons and holes via dislocations were measured. Furthermore, varying the channel width results in varying numbers of dislocations measured. In addition, reference devices without dislocation networks were prepared in the same process runs enabling us clearly to extract the effect of dislocations on MOSFET characteristics. Figure 7b shows a part of the gate complex of a nMOSFET having a dislocation network in the thin (about 50 nm thick) gate electrode.


Figure 7. Transmission electron microscopic images of cross-sectional samples prepared from a bonded SOI wafer with a dislocation network in the device layer (a) and from the channel region of a nMOSFET (b). The figure shows a part of the gate complex of a MOSFET. The polycrystalline gate electrode on top of a thin gate oxide. The gate, about 50 nm thick, is characterized by a dislocation network close to the center.
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This section is focused on results of measurements on nMOSFETs, i.e., the transport properties of electrons along dislocations are described in detail. The transport properties of holes are presented elsewhere [56]. Typical output and transfer characteristics are obtained for the reference sample without dislocations (Figure 8a,b). The devices are characterized by a subthreshold slope S = 100 mV/dec. and a threshold voltage VT = −150 mV. The output and transfer characteristics of a device with a dislocation network in the channel are shown in Figure 8c,d. It can be seen that higher drain currents (ID) are measured at the same gate (VG) and drain (VD) voltages, compared to devices without a dislocation network. The increase of the drain current even at very low gate voltages is about one order of magnitude. Similar results were also obtained by other authors [57] and are ascribed to the presence of dislocations. The relatively high source-drain current even at VG = 0 V, in contrast to the reference sample, indicates the presence of charged carriers on dislocations.


Figure 8. Output and transfer characteristics of nMOSFETS without dislocations (a,b) and with a dislocation network (c,d). The device layer thickness was 80 nm. The channel length and width, respectively, for both devices are 1 μm. Caused by the different threshold voltages (VT) of both devices, the gate voltage (VG) is represented for clarity as VG–VT.
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Analyses of the device data clearly proved that the number of dislocations in the channel characteristically influences the device parameter. Indications are found by measurements on devices prepared on wafers having dislocation networks with different dislocation density. Such networks are realized by varying the twist angle during the wafer bonding process. Besides devices prepared on a dislocation network with αtwist = 0.31° (resulting in a dislocation spacing of about 15 nm), analogous samples were prepared on a wafer having a dislocation network characterized by αtwist = 0.035°. Here, the dislocation spacing is about 150 nm. Using channel widths W between 1 μm and 10 μm, devices having about 660 dislocations (at a dislocation spacing of 15 nm and W = 10 μm), up to six dislocations per channel at a dislocation spacing of 150 nm and W = 1 μm were prepared. The ID–VD curves of these devices show that the drain current depends on the number of dislocations in the channel. At VD = 2 V, a drain current of 3 × 10−3 A is obtained if there are only six dislocations in the channel. On the other hand, a value of ID = 2 × 10−6 A is measured under the same conditions if the channel includes about 660 dislocations. If the drain current is plotted as a function of the number of dislocations, a linear relation is obtained [58]. It is shown that the drain current decreases as the number of dislocations in the channel increases. Fitting the data allows one to extrapolate the current given by one dislocation of more than 10−2 A, which corresponds to a current density of more than 1012 A/cm2. The extrapolated value was experimentally verified by measurements on single dislocations [59]. These measurements were realized by reducing the channel width down to about 30 nm by applying electron beam lithography in combination with dry etching. A current density of 3.8 × 1012 A/cm2 was extracted experimentally, which corresponds to a resistivity for a single dislocation in silicon of ρ ≅ 10−8 Ωcm. This means a supermetallic behavior of dislocations.



Besides the drain current (ID) also the threshold voltage (VT) and the subthreshold swing depend on the dislocation density. Increasing the number of dislocations by a factor of 10, for instance by increasing the channel width from 1 μm to 10 μm, results in a decrease of VT from about −400 mV to −150 mV for nMOSFETs. An explanation could be the dependence of VT and the subthreshold voltage shift (ΔVT) on the effective channel length of MOSFETs [60]. Decreasing the effective channel length results in an increase of ΔVT. If dislocations are present in the channel, the effective channel length is defined by the number of dislocations as the effective transport channels. Therefore, reducing the number of dislocations in the channel result in an increase of VT and ΔVT. Furthermore, an analogous increase of the subthreshold swing is generally interpreted as thickness effect of the device layer for short channel SOI-MOSFETs and is caused by an inhomogeneous electron concentration in the layer [61].



Commercially available TCAD (technology computer aided design) programs are powerful tools to simulate the characteristics of a large number of electronic devices. Here, we used the ATHENA/ATLAS simulation package (Silvaco) [62], which supports two- and three-dimensional device simulations. Because dislocations represent conductive channels, they are assumed as thin n-type layers embedded in the 80 nm thick channel of a nMOSFET. The ID-VD- and ID-VG characteristics are calculated and compared with the experimentally measured ones by fitting the donor concentration in this thin layer. It was shown that a donor concentration of 3 × 1018 cm−3 in the thin layer results in an increase of ID by one order of magnitude as proved by experimental measurements. This is caused by the formation of a conductive channel along the thin (dislocation) layer already at very low drain and gate voltages [62]. The reference transistor without dislocations, however, is characterized by an electron concentration more than one order of magnitude lower. A conductive channel is not formed under these conditions. Since the donor concentration is equal the electron concentration, the number of electrons in the 2 nm thick layer is estimated to be 6000 for W = L = 1 µm. Furthermore, the behavior of the subthreshold slope refers to an inhomogeneous electron concentration [58] which suggests that all electrons are bounded to dislocations. TEM investigations revealed that there are 30 dislocations in the channel for this specific case, which means about 200 electrons per micrometer dislocation length. This corresponds to the maximum number of electrons on a dislocation [63]. Assuming a homogeneous distribution along the dislocation line, the distance between free electrons on the dislocation core is about 5 nm. There is no evidence about the locations of electrons on the dislocation core. The distance of about 5 nm is significantly smaller than the distance of dislocation nodes in the network (about 30 nm in this case) and means that electrons are located on straight dislocation segments. Moreover, kinks on dislocations could be a promising candidate. However, only narrow kink-kink distances of about d ≅ 2b ≅ 1.6 nm are stable. Here, b is the length of the Burgers vector. Larger kink-kink distances up to d ≅ 10b were calculated but it was shown that such wide kinks are intermediate states only. Therefore metallic conduction along dislocation lines in the p-type material is assumed in accordance with results described above and conclusions of other authors [64]. It is caused by a two-dimensional carrier confinement along dislocations.



Furthermore, simulation tools enable us also to analyze the temperature dependence of device characteristics of MOSFETs containing dislocations. Figure 9a shows the measured and calculated transconductance gm of devices without (reference) and with dislocations (type A) as a function of inverse temperature. The type A dislocations are from a pure screw dislocation network. Measurements of the twist angle of the network (ϑtwist = 1.45°) refer to 77 dislocations in the specific device channel.


Figure 9. Measured (full symbols) and calculated temperature-dependent transconductance gm (open symbols) of devices without (reference, squares) and with dislocations (type A, triangles) in the channel of a nMOSFET (a). Computed electron density n vs. reciprocal temperature for devices without and with dislocations (b).
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The behavior of gm is simulated for the reference sample without dislocations by considering Klaassen’s unified mobility model [62,65] (open symbols, Figure 9a). The decrease of gm with decreasing temperature measured for devices with dislocations of type A can be only understood by assuming an additional temperature-dependent incomplete ionization of carriers [66]. This means a partial freeze out of carriers on dislocations with decreasing temperature if gm is below the corresponding value of the reference sample. If all these assumptions are taken into account, the temperature dependence of the electron concentration can be calculated and compared to experimental data. Figure 9b shows that mixed dislocations in the channel (type B) result in a two orders of magnitude higher electron concentration in the channel at T = 80 K compared to reference devices without dislocations. Devices containing screw dislocations, however, result in an electron density about one order of magnitude lower at the same temperature. The high concentration of excess carriers is the reason that MOSFETs with mixed dislocations in the channel operate also at very low temperatures. A low subthreshold swing of SS = 21 mV/dec was measured at T = 5 K [65].



Indications to the carrier confinement along dislocations result from further measurements at extremely low temperatures and by applying external magnetic fields [56,62,67]. Magnetoresistance measurements, for instance, revealed Shubnikov–de Haas (SdH) oscillations indicating the presence of a two-dimensional electron gas (2DEG) on dislocation networks in p-type silicon (Figure 10). The asymmetry of the SdH oscillations is frequently observed, but different reasons are discussed [68]. Because dislocations represent nanowires, the asymmetry may be attributed to the fact that field-dependent oscillations are extremely sensitive to the alignment between field and wire axis.


Figure 10. Transversal and longitudinal source drain resistivity (ΔR/R) as a function of the inverse magnetic field B. Measurement on a nMOSFET with a dislocation network (VD = 3 V) at 3.1 K.
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Analyses of SdH oscillations yield details about the properties of the 2DEG. At low temperatures and weak magnetic fields, SdH oscillations are described by the equation [68]
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(12)




where σxx is the in-plane conductivity, F(°)(E) and F(1)(E) are slowly varying functions of the energy E, kB is Boltzmann’s constant, T is temperature, µ is the chemical potential, ħ is the reduced Planck constant, and ωC is the cyclotron angular frequency (ωC = eB/mc). B is the magnetic field, e is the magnitude of electronic charge, m is the effective mass, and c is the velocity of light. In the presence of strong magnetic fields, equation
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(13)




holds [68], where Ns means the electron concentration, and τq is the relaxation lifetime.



For simulation of experimental data, Equation (13) is used for B ≤ 10 T. Figure 11 shows an example of experimentally measured SdH oscillations and calculated data using Ns = 4.1 × 1012 cm−2 and τq = 6 × 10−12 s−1. A sufficient agreement is obtained. Differences are caused by the experimental procedure. Only a limited number of data points can be measured (ΔB = 250 mT) in order to ensure stabile thermal conditions at this low temperature over a long time. The fit parameter Ns and τq are determined from experimental data using procedures described elsewhere [69]. Plotting the measured values of [image: there is no content] vs. the index i (the number of a oscillation) gives a straight line with the slope given by 2Ns/hn. Here, n is the quantum number and h Planck’s constant. Figure 12a shows the plot of these quantities resulting in an electron concentration of Ns = 4.1 × 1012 cm−2.


Figure 11. Experimentally measured and calculated SdH oscillations. Measurements of dσ/dB were carried out at T = 380 mK. Calculations were performed by applying Equation (13).
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Figure 12. Extraction of the electron density in the 2DEG (a) and lifetime of quantum states (b) from measurements of SdH oscillations. The procedure is described in the text.
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Furthermore, the quantum lifetime τq is calculated from plots of the quantity
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(14)




vs. 1/B, where f(B,T) is a temperature-dependent function [69] and mt is the transversal effective mass. Values of τq are extracted from the slope of the resulting straight line (Figure 12b). The effective mass has been also determined from temperature-dependent measurement as mt = 0.15 m0. The value of mt is slightly lower than the generally accepted value for silicon (mt = 0.19 m0) which may be caused by electron–electron interactions as a consequence of the higher electron concentration in the electron gas [68]. However, it is important to remember that band structure calculations, discussed in the next section, result in the same value of mt = 0.15 m0 if the high strain in the dislocation core is taken into account.



As a consequence of the 2DEG, single-electron transitions (Coulomb blockades) are observed for nMOSFETs containing dislocations in the channel [67]. Figure 13 shows an example of equidistant oscillations in VG, which is typical for a single-island system where each peak corresponds to the addition of one extra electron onto the island. The current-voltage (ID–VD) characteristic refers to a non-ohmic semiconductor-like behavior with zero conductivity in the low voltage limit at T = 0.3 K. The period (ΔVG) of the oscillations is about 45 mV (Figure 13a) resulting in a gate capacitance CG = e/ΔVG = 3.5 aF. Variations of the amplitude indicate the quantum regime, which can be also deduced from temperature-dependent measurements. Plots of full-width-half-maximum (FWHM) of the peak width vs. increasing temperature yields a linear dependence with a slope of the curve equal to 3.5 kT [70]. Furthermore, a conversion factor [71] is extracted from temperature-dependent measurements, resulting in an energy level spacing between discrete states along the wire axis ΔE = α/ΔVGS = 10 meV, which is close to data reported from grown silicon nanowires [72].
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Figure 13. Coulomb blockade oscillations as a function of gate-source voltage (VG) measured at VD = 400 mV (a). The spacing between individual blockades is 45 meV. Peak splitting in the presence of a magnetic field (b). The figure shows Coulomb blockades without a magnetic field (blue line) and in the presence of a magnetic field with B = 2T (red line). Note that the splitting is larger than the Zeeman splitting. Coulomb blockades observed on a dislocation network consisting of mixed dislocations (c,d). Blockades appear at negative (c) and positive bias (d), indicating single-electron and single-hole transitions on the same dislocations. All measurements at temperatures T = 380 mK.
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Further information about Coulomb blockades are obtained by applying external magnetic fields parallel to the dislocation plane [67]. Especially, peak splitting is observed, which linearly increases with increasing strength of the magnetic field. At B = 2T, the peak splitting is about ± 8 mV (Figure 13b) which is more than 10 times larger than the Zeeman splitting given by the equation


[image: there is no content]



(16)







Using g* = 2, the effective g factor, and µB = 9.27 × 10 −24 J/T, the Bohr magneton, ΔEZeeman = 115 µeV/T follows. Therefore the large peak splitting has other reasons. It is shown further on that strain-enhanced valley splitting is a main reason.



The periodicity and amplitude of the Coulomb blockade oscillations depends on the dislocation type and on the number of parallel dislocations in the device channel. Increasing the number of dislocations increases not only the period of the Coulomb blockade oscillations but also their amplitude. Both refer to interactions between the quantum dots on different dislocations [67]. On the other hand, Coulomb blockades as shown in Figure 13a have been typically observed for screw dislocations. Mixed dislocations, i.e., dislocations having not only screw but also edge components, are characterized by a different behavior. Using, for instance a diode structure, Coulomb blockades are observed by applying a positive or negative bias (Figure 13c,d). This indicates single-electron and single-hole transitions on the same dislocations.




3.2. Comparison with Theory


Dislocations change locally the translational symmetry of a crystal resulting in modifications of the band structure. Based on early experiments to the plastic deformation of highly doped p-type germanium [73,74], Read [75,76] concluded that edge dislocations induce an acceptor level in the band gap. This would mean that dislocations are negatively charged. The line charge of the dislocation is electrically screened in Read’s model by ionized donors in a surrounding cylinder. Free electrons cannot penetrate the cylinder and will be reflected on his surface. Such a dislocation appears neutral in an outward direction and causes an energy level about 0.2 eV below the conduction band [75]. The described model was not confirmed by further experiments on lower doped p-type Ge and Si [77,78]. Schröter and Labusch concluded from their investigations that dislocations may act as both acceptor and donor [26]. The opposing models of Read on the one hand and Schröter and Labusch on the other hand were combined by Veth and Lannoo [79]. These authors introduced an additional intra-atomic Coulomb term J, carried out a self-consistent calculation of the potential close to a dislocation, and assume the classical screening outside the dislocation core according to Read. Based on these conditions, the shift of a dislocation-induced energy level Ee close to the valence band edge is, for instance, calculated using the equation
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where in p means the number of excess electrons per atom, εdi is the dielectric constant, a is the atomic distance inside the dislocation core, e is the elementary charge, and R is the radius of the screening space charge cylinder given by the equation
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with ND and NA as donor and acceptor concentrations, respectively. From Equation (17) follows a linear dependence of Ee on p, which is in agreement with the model of Read and the linear charge model of Schröter and Labusch [79].



Both models about the electrical activity suppose the screening of charges along the dislocation core by opposite charges in a surrounding cylinder. This would mean that dislocations in n-type silicon or germanium are characterized by a negative line charge along the dislocation core surrounded by a cylinder of ionized (positively charged) donor atoms. In the opposite case of p-type material, a dislocation possess positively charges along the core surrounded by ionized (negatively charged) acceptor atoms. This interpretation, however, is in contrast to electrical measurements described in the previous section and elsewhere [56,62,80], namely,

	(i.)

	
An increase in the drain current for nMOSFETs results from an increased electron transport along dislocations in the device channel. Note that the channel material is p-type silicon for nMOSFETs.




	(ii.)

	
An increase in the drain current also exists for pMOSFETs, where holes are involved in the carrier transport. The channel material here is n-type silicon.




	(iii.)

	
There are dislocations (mixed dislocations) that may transport electrons and holes in the same time.




	(iv.)

	
Measurements at very low temperatures (T < 1 K) proved the functionality of MOSFETs having dislocations in the channel. Ionized impurity atoms in the surrounding cylinder screening the line charge of the dislocation core, would be completely froze out at this extremely low temperatures. Then, according to the models of Read and Schröter and Labusch, only a line charge of the same type as the bulk material remains. Note that reference devices without dislocations in the channel do not operate at such temperatures.




	(v.)

	
It would be also conceivable that, supposing the charges on the dislocation core are bounded to atoms, they are increasingly immobile at very low temperatures. This, however, is in contrast to the obvious facts of the MOSFET functionality at T < 1 K and the supermetallic behavior at higher temperatures.









One decisive reason for the described contradictions is measurements on dislocations produced under different experimental conditions. Plastic deformation used in the work of Read and Schröter and Labusch results in large numbers of dislocations and high densities of other defects (especially point defects), which, depending on the experimental conditions, react with each other. For measurements, bulk type samples were also necessary, which could lead to a further increase of reactions with other defects. On the other hand, here we used defined numbers and types of dislocations, resp., embedded in a thin silicon layer electrically isolated from the bulk of a wafer. Interactions with other defects (point defects and impurities) can be excluded. The application of MOSFETs as test vehicles enables us also to form direct electrical contacts on the dislocations. Furthermore, combining electrical measurements with electron microscope methods on the same samples results in structural and electrical properties about individual dislocations in the same time.



Our interpretation about the electrical activity of dislocations based on the following facts:

	(i.)

	
Dislocations are characterized by dimensions of a few nanometers in diameter and up to a few micrometers in length. This means that dislocations are native nanostructures embedded in a crystalline matrix and therefore quantum mechanical effects play an important role for interpretation of their electronic properties.




	(ii.)

	
Low-temperature measurements proved a two-dimensional electron gas (2DEG) for samples containing a dislocation network. The 2DEG of the network consists of a number of one-dimensional electron gases (1DEGs) on individual dislocations.




	(iii.)

	
The electron gas is the reason for the supermetallic behavior and makes it possible that MOSFETs operate at extremely low temperatures.




	(iv.)

	
Electron microscopy proved high strain levels on the core of dislocations. The strain is in the order of 10% (ε ≅ 0.1) corresponding to a stress of σ ≅ 16 GPa. Such values are about two orders of magnitude higher than in the long-range stress field around the defect. The stress is uniaxial tensile in the case of screw dislocations and compressive for edge dislocations.









The effect of different types of strain (uniaxial, biaxial, tensile, and compressive) on the band structure of Si and device properties has been analyzed using different simulation techniques [81,82,83,84,85,86].



All simulations of the band structure, reported here, were performed by applying the nextnano3 simulation package [87]. The bulk band structure was calculated using both a 6- and 8-band k∙p model as well as an empirical sp3d5s* tight binding model [88] taking into account strain and deformation potentials. Results of these calculation were supported by simulations using the empirical pseudopotential method (EPM) [89]. The EPM program package used here is described in [90]. Figure 14a shows the calculated band structure of silicon using the tight binding method. For comparison, a part of the band structure along <100>-directions is shown in Figure 14b calculated using tight binding and EPM methods, respectively. This demonstrates that both simulation methods deliver consistent results.


Figure 14. Band structure of silicon calculated by tight binding method (a) and part of the band structure in <100>-directions (b) calculated using the tight binding (lines) and empirical pseudopotential methods (symbols), respectively.
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A nMOSFET with a dislocation extended from source to drain in the center of the channel is the principal structure for our investigations. The channel direction and therefore the direction of the dislocation line is <110>. This introduces uniaxial tensile strain parallel to the channel direction if a screw dislocation is assumed. Band structure calculations revealed shifts of the conduction and valence bands at the Γ- and L points as well as band warping with increasing tensile strain (Figure 15). The position of the upper valence band Ev,hh (synonymous with the heavy hole (hh) and light hole (lh) bands) decreases continuously with increasing strain. At ε = +0.1 (10% tensile strain), the reduction is ΔEv,hh = −0.818 eV. Increasing tensile strain increases simultaneously the splitting of the heavy hole (hh) and light hole (lh) bands reaching about Ev,hh − Ev,lh = 0.891 eV at ε = +0.1.


Figure 15. Band structure of silicon with increasing tensile strain of 4% (ε = +0.04), 8% (ε = +0.08), and 10% (ε = +0.1). Only the two lowest conduction bands are shown. The blue, magenta, and red lines indicate the heavy hole, light hole, and split-off bands, respectively. The dotted lines indicate the band gap for unstrained silicon.
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There are only slight variations of the conduction band minimum at Δ with increasing tensile strain. If ε = +0.1, the lowest conduction band at the Γ point ([image: there is no content]) is equal to the position of the lowest conduction band at Δ of the unstrained Si (Figure 16a). As a result, the band gap energies of the indirect and direct transitions are equal for such high tensile strain and Si changes from the indirect into a direct semiconductor [80]. This conclusion is in agreement with previously reported data [85,86]. Furthermore, the shift of the conduction band minimum at the L point results in an additional indirect transition in the presence of high tensile strain. The band gap at this new indirect transition is [image: there is no content] = 0.832 eV at ε = +0.1 and therefore smaller than the original indirect and direct band gaps [image: there is no content], respectively. Similar data have also been published for nanowires, where, however, the absolute data depend on the wire diameter [85]. The variation of all band gaps with increasing tensile strain is summarized in Figure 16a. Using the model of a dislocation surrounded by unstrained silicon, a schema of the band structure as in Figure 16b follows. The shifts of the conduction band of the strained dislocation core result in one or more one-dimensional defect bands in the band gap of the surrounding Si channel. The depth of the defect bands increases as the tensile strain increases. Compressive strain, on the other hand, results in a dominant shift of the lowest conduction band at Δ ([image: there is no content]). This induces a one-dimensional defect band about 300 meV below the conduction band at moderate compressive strain (ε ≤ −0.04). Further increase of the dislocation-induced strain increases [image: there is no content] and causes the formation of a one-dimensional defect band close to the valence band if ε < −0.08.


Figure 16. Direct and indirect band gaps (a) and Schema of the band diagram of a Si channel with a dislocation in the center (b). The shift of the conduction band of the strained dislocation core results in a one-dimensional defect band in the gap of the surrounding channel. For calculation, uniaxial strain (ε[110] = +0.1, tensile) is assumed. The valence band maximum was set to zero. Dotted lines designate the band gap in the unstrained silicon (Eg = 1.115 eV).
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The dependence of the effective masses of electrons and holes have been calculated from energy dispersion curves using
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in the close vicinity of the band extremum [86]. The calculated hole mass mh = 0.285 is almost constant if strain is varied between −0.1 ≤ ε ≤ +0.1 and corresponds to previously published data [86]. The effective in-plane electron mass parallel to the strain direction (meff) decreases continuously with increasing tensile strain and is mt = 0.15m0 at ε = +0.1. This is exactly the same value of the effective mass extracted from measurements of the SdH oscillations described in Section 3.1. The decrease of effective mass even at higher tensile strain is much less than predicted from measurements at lower tensile strain (ε ≤ +0.01) [83,91].



Summarizing all results achieved from band structure calculations leads to the following conclusions. Tensile strain induced by a dislocation shifts locally both, the valence and conduction bands causing an additional indirect transition between the valence band at Γ and the conduction band at L as well as the direct transition at the Γ-point. A cross-section through a dislocation yields a quantum well shown in Figure 17. Data from band structure calculations indicate the lowering of the minimum of the lowest conduction band at the L-point ([image: there is no content]) below that at Δ of the unstrained Si ([image: there is no content]). At the same time, the valence band maximum of light and heavy holes are also shifted downwards. For p-type silicon, discussed here, changes of the conduction band are most important (Figure 17b).


Figure 17. Band alignment for a dislocation in a MOSFET channel. A uniaxial tensile strain of ε = +0.1 and a radius of the dislocation of R = 2.5 nm were assumed. An overview about the energies of the conduction band minima at Γ, L, and Δ as well as valence band maxima of heavy holes (hh) and light holes (lh) extracted from band structure calculations (a). Detail of the conduction band forming the quantum wire (b). The dashed lines characterize the first energy levels calculated for the quantum wire.
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The interpretation of dislocations as quantum wires explains most of the experimental results. The presence of SdH oscillations refers to a 2DEG if two-dimensional dislocation networks exist in the channel of MOSFETs. Because a network is formed by periodically spaced dislocations, the 2DEG represents a two-dimensional set of one-dimensional electron gases (1DEG). Moreover, the energy quantization is related to the presence of Coulomb blockades proved by low-temperature measurements. The model of dislocations as quantum wires bears similarities to the previously published shallow band model, which, however, assumes 1D-bands about 50 to 100 meV below the conduction and above the valence band, respectively [92,93]. Deeper defect-induced states of minority or majority carriers proved by DLTS [94,95,96] are not considered therein, but are explainable on the basis of the quantum wire model. If atomic defects on the dislocation core are taken into account (kinks, jogs, etc. [19]) then local changes of strain along the dislocation line exist modifying locally the band structure and consequently the quantum wire. Therefore, a broad defect line appears in the DLTS spectrum.



An analogous discussion of the formation of quantum wells by dislocation-induced compressive strain also appears possible, which, however, is based on the primary indirect transition between Γ and Δ [56].



Furthermore, the effect of the dislocation-induced carrier confinement on the MOSFET characteristics is also explainable. In order to do this, a two-dimensional quantum mechanical device simulation package (nextnano3) was applied allowing the self-consistent solution of the two-dimensional Poisson, Schrödinger, and current equations. The device used for simulation is schematically shown in Figure 18a. An unstrained silicon channel (20 nm × 20 nm) is supposed. A dislocation is assumed as a square of 2 nm × 2 nm in the center of the channel. Adapting the modified band parameters resulting from a uniaxial tensile strained dislocation (ε = +0.1) cause a localization of the first wave function inside the dislocation (Figure 18b). This leads to the highest electron concentration inside the dislocation (Figure 18c) and therefore to the dominant current flow through the defect. On the other hand, the highest electron density is close to the gate if an unstrained silicon channel without a dislocation is used (Figure 18d). Note that a preferred current flow through the dislocation is only obtained by the carrier confinement because of band alignment induced by the high uniaxial strain. Mobility enhancement only by reduced effective masses is not the primary reason.


Figure 18. Two-dimensional quantum mechanical device simulation. Schema of the nMOSFET with channel width and height of 20 nm (a). The channel (green) is unstrained silicon with a dislocation (2nm × 2 nm) in the center (white). Gate oxide and BOX are drawn in black, while the gate electrode is shown in yellow. The first wave function is localized in the dislocation if uniaxial tensile strain (ε = +0.1) is applied (b). Electron densities for devices with a dislocation in the center (c) and an unstrained Si channel (d). Red means the highest and black the lowest electron densities. The gate voltage is VG = 0.5 V.
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3.3. Optical Properties of Dislocations—Electron-Hole Recombination at Dislocations


The D-band luminescence is a result of radiative electron-hole recombination via dislocation-related electronic states in Si (see below). The efficiency of luminescence is determined by competition of radiative and non-radiative recombination.



The most used experimental tools for probing the carrier recombination at dislocations are the measurement of minority-carrier lifetime (or diffusion length) in case of high dislocation density and electron-beam-induced current (EBIC) or light-beam-induced current (LBIC) in case of small dislocation density. The EBIC and LBIC technique are unique among the electrical characterization methods with respect to a spatial resolution, sufficient to analyze single dislocations. In EBIC or LBIC, the variation of the current at a Schottky contact resulting from excess electrons and holes generated locally by the electron or light beam, is measured, when the specimen area of interest is scanned. The values of current at the dislocation, Idisl, and away from it, I0, are used to define the contrast Cdisl = (I0 − Idisl)/I0 of single dislocations. The Cdisl is proportional to the recombination rate Rrec of minority carriers at a given dislocation [97].



Numerous experimental investigations (see for example [98,99,100,101,102,103]) show that dislocations in different Si samples often exhibit very different EBIC contrast behavior Cdisl(T). This is illustrated in Figure 18a showing typical examples of Cdisl(T) measured for dislocations in different samples, but at similar experimental conditions. Such a big difference in recombination rates at dislocations in different samples correlate with the fact, known also from DLTS, that dislocations in different samples have very different concentration of deep intrinsic core defects and deep (metal) impurities.



Good quantitative explanation of experimental results is possible in a model [104], which differs from earlier model [105] in including electronic transitions between 1D-bands EDe, EDh and deep localized states EDD due to overlapping of their wave functions, see recombination paths (3) in Figure 14b. Taking these transitions into consideration was found to be really essential for a proper description of the dislocation recombination activity.



The recombination rate (1) by transition between 1D-bands is relatively slow. Thus, the recombination activity of “clean” dislocation is small (compare behavior-1 in Figure 19a). However, the recombination can be drastically enhanced by the presence of even small concentration of impurity atoms or core defects at dislocation. In this case it occurs in several steps: capture of free electrons and holes to 1D-bands, their motion along dislocation, then capture from the 1D bands to deep states of defects and recombination. The model allows not only explaining experimentally observed dependencies of recombination rate on temperature and excitation level, but also estimating the concentration of deep level defects at dislocations.


Figure 19. (a) Temperature dependencies of EBIC contrast Cdisl(T) of dislocations in Si. Points are experimental data [98], solid curves are calculated using the model [104]. (b) Charge carrier recombination at dislocations. For clean dislocations the recombination rate is determined by direct recombination of electrons and holes captured by the 1D dislocation bands EDe, EDh, see channel (1). In presence of defects with deep energy level EDD, the carriers captured to 1D-bands can recombine by the paths (3) via this deep level [104].
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“Clean” dislocations exhibit only very weak recombination activity with a maximum at about 50 K and untraceable activity at room temperature, denoted by type-1 in Figure 19a. Weak contamination (104–105 deep impurities per cm dislocation length) leads to an increase of the activity, still leaving the room temperature activity below detection, denoted by type-2 in Figure 19a. Combination of EBIC and DLTS indicates that for such a small concentration the impurities are attached to the dislocation core [106]. Upon further increase of contamination, the type of the temperature dependence changes and the recombination activity is detected at room temperature, see types-3 and -4 in Figure 19a. Appearance of type-4 requires more than 106–107 deep impurities per cm dislocation length. Now, the impurities are accommodated in the dislocation strain field. Experiments with hydrogenation and phosphorus diffusion gettering have shown that both treatments change the c(T) behavior in a reverse sequence from type-4 to type-2, which represents the lower limit. This limit results from the fact that the impurities accommodated in the dislocation strain field can be passivated by hydrogenation or removed by external gettering, respectively, but the impurities attached to the dislocation core cannot be affected or removed [106,107].



The dislocation-related luminescence in Si consists of a quartet of four broadened lines (or bands), D1 to D4, which was revealed for the first time by Drozdov et al. [28,29]. Figure 20 shows a typical D-band spectrum formed by dislocations in Si. Even though many experiments were carried out over more than a quarter of century, the origin of the D-bands is still not yet completely understood. The current status of the discussion was summarized, for instance, by Kveder and Kittler [63].


Figure 20. Luminescence spectrum, taken at 80 K, obtained from a plastically deformed silicon sample showing the dislocation lines (D1–D4) and band-to-band (BB) radiation.
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Nevertheless, it is widely accepted that D4 and D3 form a pair. The good coincidence between the energy of D4 line and the energy difference EDe–EDh (see Figure 19b) suggests that the D4 line corresponds to no-phonon recombination of electrons in 1D band EDe with holes in 1D band EDh. The D3 line is most probably a TO phonon replica of D4. The D1-line is probably formed by the transition between one of the shallow 1D-bands (EDe, EDh) and a deeper state, compare e.g. [108,109]. The origin of the D2-line is still under discussion. There are indications that D1 and D2 are not a pair.



Investigation of multi-crystalline Si, used for solar cells, allows one to analyze the relation between the intensity of different D bands. As the local density of the dislocations varies in this material from point to point, one can expect also variations in the intensity of the D lines. Profiles of the intensity of the D lines were measured over a distance of a few mm. Figure 21 shows the corresponding ratios D2/D1 and D4/D3. The intensity ratio of D4/D3 was found to be nearly constant. On the contrary, the D2/D1 ratio scattered strongly [110]. This observation confirms that the lines D3 and D4 have the same origin, while the lines D1 and D2 are not a pair but have different origin.


Figure 21. Spatial distribution of D2/D1 and D4/D3 peak area ratios along a profile measured in multi-crystalline Si at T = 80 K. The ratio D2/D1 varies strongly, whereas D4/D3 remains nearly constant [110].
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Often, very distinct energetic positions are indicated for the D-lines, e.g., D1 = 0.812 eV, D2 = 0.875 eV, D3 = 0.934 eV, and D4 = 1.000 eV at T = 4.2 K. However, their exact energetic positions are found to depend on temperature, electric field [111], elastic strain [112], etc. Figure 22 shows for the D1-line a 30 meV wide domain in which this line may fall. For more details see [113].


Figure 22. Domain of D1-line extracted from experimental data. To the best of our knowledge, most of the reported D1 positions fall into this 30 meV wide domain [113].
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It is also noteworthy that the D-line intensity was observed to be affected by the contamination of dislocations with metal impurities. Higgs et al. [114] reported a strong dependence of the D1- and D2-line intensity on the contamination of dislocations with copper which was controllably introduced from the sample surface. For “clean” dislocations, very small luminescence close to the detection limit was observed and for dislocations with very strong contamination a very small intensity was found, too. However, for a low/medium level of Cu contamination the D-line intensity was significantly enhanced. A maximum intensity was reached for a certain low level of Cu contamination.



The evolution of the D-band luminescence has been also obtained on two-dimensional dislocation networks formed by wafer bonding. Photoluminescence, cathodoluminescence, and electroluminescence were applied for these studies (for instance [55,115,116]). All investigations proved a typical dependence of the resulting luminescence spectra on the type and distance of dislocations (or dislocation density) in the network. This is illustrated in Figure 23 where photoluminescence spectra of samples containing two different dislocation networks are shown. Smaller twist angles (i.e., larger dislocation distances) result in an increase of the luminescence at 1.5 µm (D1), while larger twist angles (i.e., shorter dislocation distances) increase the luminescence at 1.3 µm (D3). Another factor influencing the resulting luminescence is the type of dislocations forming the network. So-called mixed dislocations were identified in particular as most important for radiative recombination.


Figure 23. Impact of misorientation/structure on the luminescence spectra of dislocation networks: (A) twist angle of ϑtwist = 3°, dominating D1 peak; and (B) twist angle of ϑtwist = 8.2°, dominating D3 peak. The same tilt angle of ϑtwist = 0.2° exists in both cases [108].
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Silicon photonics will be essential for future integrated circuits. Many key components that can be integrated on the chip have already been demonstrated by Si technology. However, a CMOS-compatible light emitter is still lacking. The desired emission wavelength must be >1.1 μm to prevent absorption within Si waveguides. Accordingly, dislocation-based D-line luminescence can be used to integrate novel all-silicon light emitters. Here we discuss a MOS-LED on Si substrate and LED within a thin SOI layer, making use of the light emission caused by dislocation networks.



The band diagram of a tunnel MOS-LED with a dialocation network on p-type Si is schematically represented in Figure 24a, see also [108,117]. When the network is positioned near the Si/oxide interface, the radiative recombination is dominated by the D1-line at about 1.5 µm. This is clearly seen from the EL spectra shown in Figure 24b (note that band-band-luminescence around 1.1 µm appears without the dislocation network [108]). The MOS-LED on p-type Si, with a dislocation network at a depth of about 45 nm, consisted of a 134 nm thick Ti gate deposited on 1.8 nm thick tunnel silicon oxide, see TEM micrographs shown in Figure 24c. The tunneling current grows as the gate voltage increases, leading to an enhancement of the EL intensity.


Figure 24. (a) Schematic band diagram of a MOS-LED with thin tunneling oxide and a dislocation network close to the Si/oxide interface. (b) Electroluminescence spectra at 80 K of the MOS-LED with 1.5 µm radiation caused by the network. The intensity is found to increase sub-linearly with increasing tunneling current measured at 2, 5 and 8 mA, respectively. (c) TEM cross-section of the MOS-LED consisting of a 134 nm Ti layer on 1.8 nm Si oxide. The network is positioned in ~45 nm depth.
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Recently, we have demonstrated a dislocation-based all-silicon LED integrated in a thin SOI layer [118]. The dislocation network was inserted in an 80 nm thick SOI layer. Figure 25 shows the scheme of the LED and the measured EL spectrum. To realize an electrically pumped light emitter in SOI we prepared a two-electrode device. Two p-n junctions were fabricated locally within the p-type SOI layer. One of the junctions is used as a source (injector) and the other as a drain. Under operation the injector is forward biased and the drain is reverse biased. Therefore, the injected carriers are transported along the dislocation network. An intense EL is observed at room temperature due to radiative recombination at the network. The spectrum contains in addition to the D1-line at 1.55 μm also significant contributions of the D2- and D3-luminescence.


Figure 25. Scheme of the two-electrode all silicon LED integrated in a SOI layer containing a dislocation network. As electrodes two p–n junctions are used. They are located at a distance of 2 μm within the 80 nm thick SOI layer. The EL spectrum was observed at 300 K for a forward current of 60 mA. The emission is strong and can already be detected at current of few mA by a simple panchromatic camera-based system.



[image: Crystals 06 00074 g025 1024]








4. Materials and Methods


Semiconductor wafer direct bonding under hydrophobic surface conditions was applied to realize two-dimensional dislocation networks [34,119]. Varying the angles of rotational and azimuthal misfit, respectively, different dislocation distances result. The type of the dislocations forming the network is controlled by the crystal symmetry of the bonded wafers. Using {100}-oriented silicon wafers, a screw dislocation network with square-like meshes results from the rotational misfit.



Silicon-on-insulator (SOI) wafers were applied to avoid the effect of bulk material and possible defects therein. Commercially available wafers were utilized having the following specification: Czochralski-grown silicon, diameter 150 mm, p-type, resistivity ρ = 1 − 10 Ω∙cm, <100>-orientation, buried oxide thickness (BOX) 60 nm. The initial device layer thickness of 260 nm or 600 nm was reduced to 30 nm by thermal oxidation. The bonding process was performed under hydrophobic conditions in an atmospheric environment. Various twist angles in the range 0.01 < [image: there is no content] < 0.4 were realized. Figure 26 shows a schema of the process. After bonding, a subsequent annealing at 1050 °C for 4 h in nitrogen result in the formation of the two-dimensional dislocation network in the interface. Finally, one of the handle wafers was removed by a combination of mechanical grinding and chemical etching (spin etching) followed by chemical etching of the oxide layer. This results in new SOI wafers having two-dimensional dislocation networks in their 60 nm thick device layers.


Figure 26. Schema of the wafer bonding process. Two <100>-oriented SOI wafers are used (left), where the blue color characterizes the thin device layer (30 nm thick), yellow the buried oxide and grey the substrate wafer. Both wafers are stuck (bonded) together, so that the surfaces of both device layers are in contact (middle). A new SOI wafer results after removing one of the original substrate wafers (right). The thickness of the device layer is now 60 nm.
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SOI MOSFETs and arrays of n+pn+-diode structures were prepared on such substrates using lithographic techniques and reactive ion etching (RIE). The channel region was defined first.



The channel direction, <110>-crystal direction, which coincides with the dislocations direction in Si (Figure 27), is chosen. In order to study the effect of the dislocation density, the channel width was varied between 1 µm and 10 µm. The channel length, however, was constant (L = 1 µm). Source and drain contacts were formed by As+ implantation (5 keV, 1 × 1015 cm−2) combined with a rapid thermal annealing (RTA) step (950 °C, 60 s).


Figure 27. Schema of an n+pn+ diode structure with a dislocation (red line) in the channel (c). Devices are fabricated parallel to <110> directions, i.e., parallel to the dislocation line direction.
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For MOSFETs, a thin gate oxide of about 6 nm was formed by thermal oxidation. The device gates were prepared by low-pressure chemical vapor deposition (LP-CVD) of polycrystalline silicon (100 nm thick) followed by As+ implantation (30 keV, 1 × 1015 cm−2) and a RTA step (950 °C, 60 s). Finally, contacts were formed by Al deposition and annealing at 420 °C for 30 min in hydrogen.



Electron beam lithography (EBL) was utilized to realize n+pn+-structures with channel widths down to 30 nm. Arrays of primary structures with W = 250 µm and L = 1 µm were prepared first by photolithography. After that EBL was used to reduce the channel width. Within an array, n+pn+-structures with 1 µm ≤ W ≤ 30 nm were realized. A high-resolution positive electron beam resist (ZEP 520A, ZEON Corp.) was used. All exposures were carried out in a JBX 6300 FS electron beam lithography system (JEOL). The real channel width of all structures was measured in a scanning electron microscope after dry etching (cryoprocess at −60 °C, SF6/O2 chemistry) and resist removing.



All device measurements were carried out at room temperature using an Agilent B1500A Semiconductor Device Analyzer in combination with a PM5 probe station (Suss). Low-temperature measurements were carried out using a cryogenic probe station (Tmin ≅ 4 K, Lake Shore Cryotronics) and a Physical Property Measurement System (PPMA, Model 6000, Tmin ≅ 2 K Quantum Design, Inc. San Diego, USA). The latter enables also measurements in magnetic fields up to 8 Tesla. A modified Heliox VL refrigator system (Oxford Instruments) was applied for measurements down to T ≅ 300 mK.



The defect structure was analyzed by applying a probe CS corrected scanning transmission electron microscope (FEI Titan 80–300).



For EBIC investigations reported here, a Cambridge Stereoscan S 360 equipped with a Matelect ISM 5 amplifier was mostly used. The measurements were performed with an Oxford cold stage.



For the luminescence investigations, a homemade system was frequently used. The luminescence spectrum was spectrally resolved by a HR 640 Jobin Yvon monochromator. A liquid nitrogen cooled North coast germanium p-i-n diode was applied for light detection.




5. Conclusions


Dislocations are one-dimensional crystal defects. Their dimensions characterize the defects as nanostructures (nanowires) exhibiting remarkable electronic and optical properties. The exceptional properties can be used effectively if defined arrays of dislocations are integrated into electronic or light emitting devices.



The integration of two-dimensional arrays of dislocations into the channel of electronic devices (MOSFETs) results in a significant increase of the drain current for n- and pMOSFETs referring to the transport of either electrons or holes along dislocations. This demonstrates the ambipolar character of dislocations in silicon. Furthermore, the drain current increases as the number of dislocations decreases. The highest drain current is measured for devices containing an individual dislocation. The resistivity of an individual dislocation was deduced to be about 1 × 10−8 Ωcm, which is about eight orders of magnitude below of the surrounding silicon. The resistivity of a dislocation is also significantly smaller than for most metals and implies a supermetallic behavior of dislocations in silicon.



A model of a dislocation as quantum wire is presented based on extensive structural analyses, electrical measurements and quantum mechanical simulations. The model presumes strong modifications of the local band structure as consequence of the extraordinary high strain level in the core of a dislocation exceeding 10 % or more. This creates a quantum wire wherein carriers are confined in one dimension.
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