Study of relaxation of strain in patterned Si/SiGe structures using
 X-Ray diffraction technique
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Abstract

We present an investigation of a series of samples with strained stripe-patterned SiGe layers grown on Si substrate. The strain in the SiGe striped epilayers was calculated after measuring the lattice constants of the layers using x-ray diffraction technique. It was found that the stripes showed anisotropic strain in the two in-plane directions resulting from the lattice mismatch and the difference in the dimensions of the stripes. The idea is based on the concept of enhancing the hole mobility in subsequent Si cap layers due to asymmetry of stain in the patterned pseudosubstrates.

1. Introduction
Si/Si1-xGex heterostructures on Si substrates are of great interest for device applications [1]. The lattice mismatch of 4.2% between Si and Ge is interlinked with strain in the Si1-xGex layers grown on Si (100) substrates. Strained silicon is made by epitaxial growth on relaxed Si1-xGex layers on Si (100). Biaxial, tensile strained Si on such virtual substrates shows a large enhancement of the electron mobility. The tensile strain in a Si layer grown on a SiGe buffer layer leads to a type II band alignment and enables the formation of two-dimensional electron gas in a Si quantum well. Record electron mobility has been measured in Si channels on SiGe buffer layers [2,3]. On the other hand, improvement of the hole mobility is observed for uniaxially, compressively strained silicon [4]. Typical applications are high mobility metal oxide field effect transistors (MOSFET) and modulation doped FETs [5, 6].
In order to enhance the flexibility in the strain design, relaxed layers such as SiGe layers are used as “pseudosubstrate” for subsequent active Si or SiGe layers in the SiGe system. In many cases, graded SiGe buffer layers with constant composition buffers on top are used as such psuedosubstrates. Using rather elaborate preparation techniques, low threading dislocation densities as small as 2×106 cm–2 have been achieved [7], but buffers fabricated by this approach suffer from very long growth times due to the large thickness required, mechanical stresses due to thermal strain (see below) and bending of wafers, which is a problem in production lines. Furthermore, these layers exhibit a strong so-called cross-hatch pattern, consisting of two perpendicular systems of ridges due to buried dislocation pileups with amplitudes up to 100 nm, depending on the thickness and composition of the graded layer. While this cross-hatch, which is incompatible with the fabrication of integrated circuits, can be removed by a chemical-mechanical polishing step [8,9] it reappears during annealing, so that the thermal budget of such samples during further processing is rather limited. 

On the other hand, varying the Ge concentration and/or the strain conditions between epitaxial over layers and the substrate also provides a means to adjust valence and conduction band offsets, because strain modifies the electronic band structure. It has been seen that He+ ion implantation and annealing of pseudomorphic Si/SiGe/Si can be successfully used to relieve strain [10, 11]. The cavities induced by the He+ ions  act as sources of dislocations spreading out through the SiGe layer upon annealing and forming a strain relieving network of misfit dislocations. 

The most effective way to introduce high tensile strain is to grow strained Si on relaxed SiGe layer. Because of the lattice mismatch between Si and SiGe, the lattice of the Si layer is biaxially tensely strained in the plane of the interface. This deformation breaks the symmetry of the energy-band structure and results in band splitting. The reduced interband /intervalley scattering rates and effective masses result in enhanced carrier transport. If this relaxed SiGe layer is overgrown by a Si layer, an in-plane tensile strain would also be introduced in the Si layer [12]. With this idea as the backdrop, striped patterns were introduced on the SiGe layer so as to induce a in-plane uniaxial strain in the stripes for the enhancement of hole mobility.  

The aim of the presented work is to characterize the Si1-xGex patterned samples with respect to the residual strain, and identify the strain conditions wherein the asymmetric relaxation of the Si1-xGex lines transforms the biaxial stress into nearly uniaxial stress for very narrow lines. The growth of  a strained silicon (sSi) involved the formation of a thin ~ 200 nm heterosystem with a cubic Si/strained Si1-xGex /Si(100) heterostructure is formed first. In order to initiate the relaxation process a He+ implantation into the Si(100) substrate is conducted followed by an annealing step. During this process a narrow defect band is generated underneath the SIGe/Si substrate interface. It provides a high density of dislocations loops as sources for misfit dislocations (MDs) yielding efficient strain relaxation during annealing with low densities of threading dislocations (TDs) [13, 14].
 We employed high-resolution x-ray diffraction to study the relaxation of strain  and to assess the structural quality of a series of SiGe striped samples with varying stripe widths from 0.82 to 100 (m, patterned in [110] direction on a (100) substrate. We see that the strain in the stripes in the two orthogonal directions is different i.e. the crystal structure of the stripes is orthorhombic. En route, we also determine precisely the Ge content in the SiGe layers. 

2. Sample description

Epitaxial pseudomorphic Si(1-x)Ge(x) stripe on Si(100) with Ge content about 20% and thickness of about 200 nm were grown with Chemical Vapour Deposition (CVD) technique. The layers were fully strained according to the mismatch of the two materials. The heterostructures were implanted with He+ ions with energies between 12 and 45 keV and doses between 0.8×1016 and 3.0×1016 cm-2 at room temperature. The implantation energies were chosen such that a defect region at the end-of-range forms about 50-100 nm below the SiGe/Si interface. At higher doses blistering occurs, an effect of the high pressure in helium filled cavities forming upon He+ implantation. Stripes along 
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 with widths varying between 0.8 and 10 µm were then patterned using standard optical lithography and etching. 
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Figure 1. a) An AFM image of patterned sample with stripe width 2.8 µm. b) The deformation of the unit cell within the stripe and the consequent asymmetric strain directions 

After ion implantation the samples were annealed for 30-60 sec at temperatures between 800°C and 1000°C in a quartz furnace under Ar atmosphere. The asymmetric strain relaxation was observed after the samples were annealed at 850 ° C for 10 min in nitrogen[15]. Layer thickness, Ge content and the formation of dislocations were studied by x-ray diffraction (XRD) technique, which also measured the strain state of the system.

3. Contribution of He+ implantation towards relaxation

Due to the lattice mismatch of about 4% between pure Si and pure Ge, such films are tetragonally distorted, when grown to a thickness below the critical value for the onset of misfit dislocations. There are, however, certain limitations on the SiGe thickness of such a structure and those depend on the Ge concentration in the alloy. These films begin to relax to their intrinsic cubic lattice constant, once the critical thickness is exceeded. The maximum thickness of a SiGe layer before it then starts to relax towards its bulk (equilibrium) lattice spacing, the ‘metastable’ critical thickness, depends on growth temperature. This grown-in metastability is a vital ingredient for the exploitation of SiGe in Si devices.
In the conventional process of strain relaxation the nucleation rate of dislocation loops is generally low. Motions of TDs over large distances relative to the distance between the nucleation sites and/or dislocation multiplication are required to achieve substantial strain relaxation where loop nucleation and growth ceases leading to a rather inhomogeneous distribution of MDs and TDs. In particular, dislocation multiplication may result in piling up of MDs with equal Burgers vectors. Under such conditions, a TD is unlikely to find a partner of opposite sign for mutual annihilation within its interaction range which is generally limited by the layer thickness h. This is consistent with the experimental findings that, in conventional relaxation, the distance of TDs is frequently found to be of the order of the layer thickness and the corresponding TDs density is quite high for electronic applications.

The solution would be to increase the efficiency for the annihilation of TD, even if this can only be achieved by increasing their primary density. A reasonable strategy for this could be materialized by producing a relatively regular and dense array of dislocation loops where each primary TD can find a partner for annihilation within its interaction range.

This basic requirement for enhancing both MD nucleation and TD annihilation is realized here in strain relaxation with low residual TD densities achieved by He+ implantation and annealing. This idea is supported by the experimental observations that, in this case, the characteristic distance of 50-100 nm in the MD network and in the cross-hatch pattern correlates well with the average distance between the oblate nano-cavities induced by He+ implantation. Thus, the high density of such cavities is considered here to provide a relatively regular and dense array of dislocation loops by crack-like nano-cavities formed has indeed been observed after He ion implantation into Si and subsequent annealing. The observations of strain relaxations of pseudomorphic SiGe/Si(100) heterostructures after He+ ion implantation  for the fabrication of virtual substrate gives substance to this process [10 and the references therein] 

4. Mechanism of the strain relaxation

A simple model has been assumed for the elementary steps in the strain relaxation process. It is assumed that crack-like cavities act as sources of dislocations spreading out through the SiGe layer and forming a strain relieving network of misfit dislocations. The model suggests that the shortening of the path length of dislocations moving transversally through a narrow SiGe stripe should result in a reduction of the degree of relaxation in that direction and by this in an anisotropic stress state (in the extreme case in an uniaxial stress) [16]. 
5. Experiment

All x-ray measurements were performed on a high-resolution diffractometer at the University of Linz, Austria. A conventional Cu anode x-ray tube (wavelength λ = 1.5406 Å) operated at 40 kV and 40 mA has been used together with a mirror and a Ge crystal channel cut monochromator aligned to (220) Bragg reflection. The intensities were recorded using a point detector.

We recorded reciprocal space maps (RSMs) in coplanar XRD geometry. In this geometry, the incident and scattered wave vectors, ki and kf, and the surface normal n, lie in one plane in the reciprocal space. In order to record a RSM, a series of ω scans were made with a position sensitive detector around different reciprocal lattice points. Since the PSD spatially separates intensities collected over a large 2θ range, the intensity distribution corresponding to the intersection of the reciprocal lattice points with the Ewald sphere is recorded at once for each incident angle ω. The superposition of the patterns collected at each incidence angles complies into a RSM. Diffraction occurs when the diffraction vector Q=kf-ki. is equal to a reciprocal lattice vector G. The relation between Q and the angles ω (angle between ki and the sample surface) and 2θ (scattering angle, i.e., angle between ki and kf) is given below, as well as the link to the inplane (a||) and perpendicular lattice (a) parameters (the expressions are valid for tetragonally distorted layers with surface normal along the cubic [001] direction, and the in-plane component of Q along the [110] direction).

The reflections around the (004) and (224)Bragg points in two orthogonal [110] azimuths were taken for recording RSMs. Precise measurements of the value of Q corresponding to the individual layers are made from the RSMs. We calculate the lattice parameters of the different materials in the layers from the following relations
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Figure 2. RSMs around 224 Bragg peaks in two azimuths for sample with stripe width 2.8 μm
From the symmetric reflection, the lattice parameter perpendicular to the (001) diffracting planes, can be calculated, as well as the tilt of the epilayer lattice plane with respect to the substrate lattice plane. And from the asymmetric reflection we access additionally the lattice parameter parallel to the sample surface. As a result, the strain state and the composition of the unit cell in the layer are obtained. To obtain a higher precision in the lattice parameter values of SiGe material and subsequent asymmetric stretching of the unit cells, we measured additional RSMs around (404) reflection. The resulting overall error bar in the obtained lattice parameters are about ±0.0015 Å. Fig. 2 shows the symmetric RSMs of sample with stripe width 2.8 um. In two azimuths The solid line joins the orgin of reciprocal space with the 224 reflection point for Si, i.e. all completely relaxed layers produce Bragg peaks on this line, while all layers with the same in-plane lattice parameters have Bragg peaks at the same Qx positions (broken line). It can be seen that the SiGe layer is almost completely pseudomorphic to the Si substrate in [110] direction (a) while it is partially relaxed along [-110] direction (b).
Results and discussion

The degree of relaxation with respect to bulk material is defined as 
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Where R and R denote the inplane and perpendicular strain, respectively. R  takes positive values for a layer enduring tensile strain and negative values if the layer is compressively strained. abulk represents the completely relaxed lattice constant of the considered material, depending on its composition: in our analysis we took into account a possible intermixing of Si and Ge for the Ge buffer, To calculate the bulk lattice parameter of Si1xGex we use the empiric expression [17]
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From this, the Ge content is determined by numerically solving the relation
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 are the elastic constants of Si1-xGex, linearly interpolated between the values of pure Si and Ge. 

Table I. Lattice parameters and degree of relaxation of SiGe stripes of various widths
	Stripe

Width

(μm) 
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	R||%
[-110]


	R||%

[110] 



	0.82
	5.457
	5.432
	5.506
	52
	2.3

	1.4
	5.449
	5.433
	5.507
	39
	5.2

	2.8
	5.459
	5.431
	5.505
	57
	0.9

	3.2
	5.462
	5.449
	5.505
	61
	36

	10
	5.460
	5.447
	5.498
	61
	33

	20
	5.458
	5.455
	5.496
	57
	52

	100
	5.466
	5.464
	5.489
	70
	70

	None
	5.466
	5.468
	5.488
	75
	78


From table I, it is evident that the in-plane lattice parameters in the patterned sample are different in the two azimuths, revealing a marked difference in strain in these two directions. The resultant degree of relaxation in [-110] direction is thus more than in [110] direction implying that the SiGe unit cell is less compressively strained in [-110] direction than in [110] direction. This strain in [-110] direction tends to deform the structure of the lattice and the corresponding angle ( between the two faces along [110] and [-110] directions is also different from 90° implying that the unit cell is not cubic but orthorhombic, see Fig.2. The deviations from 90° are of the order of 0.1°.

It is further seen that the asymmetry in the strain along two directions is more pronounced for the samples having relatively thin stripes ~2 μm, while for the samples with very wide stripes, this effect diminishes to the extent of negligible asymmetry for sample with width 100 μm.

6. Conclusion

X-Ray diffraction measurements have shown that strain relaxation in SiGe stripes with line width smaller than approximately 20 (m shows an asymmetry between [110] directions parallel  and perpendicular to the stripes leading to a transition from the tetragonal to an orthorhombic unit cell. The results give credibility to the idea of introduction of an in-plane uniaxial strain in the striped patterned SiGe pseudosubstrates.  Therefore, one can envisage a new concept of enhancing the hole mobility based on asymmetry of the stress in patterned pseudosubstrates.
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