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Abstract


In this Deliverable are critically reviewed the main features of the three experimental techniques employed in the project STREAM to determine the strain distribution in the active regions of the investigated STI structures. In order to compare the capabilities of TEM/CBED, Micro-Raman spectroscopy and X-ray  diffraction, a specific sample, an STI structure including linewidth of 2 (m taken from the first measurement campaign has been chosen for the analysis by the three techniques.

1. Introduction









It was planned that at  the end of the first year of STREAM activity the main positive and negative aspects of the 3 techniques used for strain determination, were assessed. The main information were expected to come from the experimental activity performed during the 1st measurement campaign on the STI structures fabricated by the partner ST. 

This work has allowed us to improve our pre existing knowledge of the capability of each technique in yielding the values of  the components of the strain tensor, but also on the localisation of the strain information and of the possible experimental artefacts. A detailed discussion on the various parameters affecting the performances of each technique is reported in the following. The information are collected, according to the Reviewers’ request, in a summary table comparing the basic capabilities of the three different stress/strain, which considers the most relevant parameters affecting the strain results and which will be updated during the project, where appropriate. The complementary aspects of the 3 techniques will also be discussed.

In the first semester the strain analysis work has actually been carried out on active regions of the STI structures having different linewidths. Here it will be compared the results obtained by the three techniques in the STI sample V004808_19_5, which includes active regions 2 (m wide  under the nitride mask. The choice of such a large spacing will allow in particular the comparison between the TEM/CBED and the micro-Raman strain values. 

The main features of the three experimental techniques (CBED, microRaman, XRD)

In order to compare the pros and the cons of the three techniques employed to analyse the strain in the test structures of interest to the STREAM project, the following parameters have been considered:

· What is measured (HOLZ shift (CBED), Raman shift (microRaman), angular and spatial diffracted intensity distribution (XRD))
· From the measurement to the strain distribution:

- Need of a strain distribution model

- No. of the obtainable components of the strain tensor 

· Precision and accuracy

· Spatial resolution (depth and lateral)

· Sample preparation (procedures and effects on strain)

· Analysis time (sample preparation, measurement time, data analysis)

Moreover, the complementary aspects of the techniques will be discussed.

1.1 TEM/CBED

1.1.1 What is measured

By the Convergent Beam Electron Diffraction (CBED) technique it is measured the shift in the position of the HOLZ (High Order Laue Zone) lines present in the central disk of the diffraction pattern (see Deliv. D2). This shift is mostly determined by the strain in the crystal lattice contained in the analysed volume. Up to now the patterns have been taken in the <130> projection at an acceleration voltage of 100 kV. The quality of the HOLZ lines is influenced by thermal and static disorder, the former can be strongly reduced by cooling the sample and/or energy filtering of the diffracted electrons; moreover, the lines can be enlarged or even split by strain variations along the depth (thickness) of the investigated region of the TEM cross section.

1.1.2 From the measurement to the strain distribution

Strictly, CBED does not need a model, rather some assumptions must be made (a=b, ((((, plain strain, see Deliverable D2). This reduces the strain components to be determined from 6 to 3.

To verify that the plain strain approximation holds in the case of samples thinned for TEM investigation, it has been analysed the lattice parameters obtained along a z=100 nm cutline in a STI structure with a 120 nm thick silicon nitride, prior to the annealing for oxide densification. The plane stress approximation holds for vanishingly small local thickness of the TEM cross section; so, to be able to rule out one of the two approximations (plain strain vs. stress), the thickness in the regions investigated by CBED was chosen as small as possible, yet allowing good quality HOLZ line patterns to be obtained. 

The patterns were taken in the <230> orientation at 200 kV and skeletonised by the beta-version of the SIS software (see also Deliverables D10 and D13); the lattice parameters were obtained by the HOLZFIT programme, which lists the possible solutions ordered according to increasing values of the (2 parameter (see D2). The comparison between the two approximations (plain strain vs. stress) has been made through the values of the shear strain component (XY(((/2, which are given by the following equations:
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c11=1.66(1012 dyn/cm2, c12=0.639(1012 dyn/cm2  and c44=0.796(1012 dyn/cm2).

Each solution yielded by HOLZFIT consists of 4 lattice parameter: a=b; c; ((((; (. The corresponding (XY(((/2 value is compared with those in the equations above. In this way it is possible to find what approximation is more realistic.

In Figure 2.1.1 it is reported as an example one of the plots obtained in the different points analysed by CBED along the cutline of the investigated STI structure. The (XY shear strain component is plotted as a function of the diagonal (XX one. The three curves are obtained (i) from each of the first 500 HOLZFIT solutions, (ii) from the plain strain and (iii) from the plain stress approximation. It is clearly evident that the plain strain curve is closer to the solution given by HOLZFIT than the plain stress one. This allows one to conclude that the strain plain approximation is applicable to the CBED analysis of the strain in TEM cross sections and that the sample relaxation is not significant.

This statement has been so far verified in the samples of the 1st measurement campaign.

1.1.3 Precision and accuracy

The precision of the strain measurements is determined by a number of factors:

· Determination of the effective voltage in the undeformed silicon regions (the time stability of this value is tested by taking CBED patterns in the same area after time intervals). The real ‘perfection’ of the undeformed silicon lattice is tested by considering the points as taken in unknown (strained) regions; assuming (= 90° the beta-version of the SIS software yields the lattice constants of silicon. As the points were chosen in regions of different thickness, this indicates that the amorphous films at the surfaces of the TEM cross section (oxides, silicon layers damaged by ion beam milling), if any, do not induce strain artefacts in the areas to be analysed 

· Width of the HOLZ lines employed for the strain determination. This parameter is quite different in unfiltered vs. energy filtered microscopes, namely the linewidth is smaller in the latter case (see D5). Another factor influencing this width is the temperature at which the sample is kept during the CBED experiments. It is generally 100 K, obtained with a liquid nitrogen cooled holder. However, if an energy filter is available, CBED patterns suitable for strain determination can be acquired also at room temperature.

The overall estimated precision is 2x10-4 for unfiltered and 1x10-4 for filtered TEM instruments.
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Figure 2.1.1. Plot of the shear strain component (XY as a function of the diagonal component (XX , according to the solution given by HOLZFIT and the plain strain and plain stress approximations. The curve corresponding to the plain strain is closer to the HOLZFIT solution. Note that both coordinates are in the 10-3 scale.

The accuracy of the strain values cannot strictly be determined, as it would require the availability of a certified standard TEM sample, consisting of a crystalline material with a known strain distribution. In this case, the accuracy would be given by the deviation between the certified values and those deduced from CBED measurements. This is unfortunately not possible. Therefore, in Table 2‑1 is reported the calculation accuracy, which gives the deviation between the lattice parameters set as an input to a programme capable of generating CBED patterns and those obtained by elaborating this pattern with the SIS software. The theoretical pattern is obtained by dynamical simulation performed with the EMS package by Stadelmann (1987)
, which determines the position of the HOLZ lines in the central disk with the best accuracy.

Table 2‑1 Lattice parameters, assumed as an input to the EMS programme, and compared to those calculated by the applying the beta-SIS software to the resulting EMS-simulated CBED patterns.

Method
a
b
c
(
(
(

Input to EMS simulation
0.5425
0.5425
0.5434
90.02
89.98
89.92

Beta-SIS analysis (plain strain)
0.5426
0.5426
0.5434
90.02
89.98
89.92

Beta-SIS analysis (no condition on ( strain)
0.5428
0.5428
0.5435
90.02
89.98
89.91

In Table 2‑2 it is reported the deviation ((ij between the input strain values and those calculated by EMS simulation and beta-SIS analysis, with and without the plain strain assumption. The values are generally at the 1(10-4 level, with somewhat larger errors if no condition on ( is introduced.

Table 2‑2 Deviation from the strain values assumed as an input to EMS simulation and those deduced from application of the beta-version of the SIS software.

Method
((XX
((YY
((ZZ
((XZ
((YZ
((XY

EMS simulation
0
0
0
0
0
0

Beta-SIS analysis (plain strain)
1.8(10-4
1.8(10-4
<1.8(10-4
<8(10-5
<8(10-5
n.a.

Beta-SIS analysis (no condition on ( strain)
5.4(10-4
5.4(10-4
1.8(10-4
<8(10-5
<8(10-5
8(10-5

1.1.4 Spatial resolution (depth and lateral)

The spatial resolution of CBED depends on the electron gun of the TEM and the tilt angle needed to perform the measurement in the chosen crystal axis.  The depth resolution is however constant and limited to about 200 nm, which is the average value of the local thickness of the TEM cross section which can generate CBED patterns of good quality.

The lateral resolution is represented by the electron spot impinging onto the specimen, which has a diameter of about 10 nm for LaB6 thermionic guns and 1 nm for FEG sources. The projection effects due to tilting increases these values in the x direction by 50 nm in <130> projection (tilt angle: 26.5°) and by 20 nm in <230> projection (tilt angle: 11.3°); instead, as no tilt is needed along the [110] direction perpendicular to the [001] growth direction, there is no widening of the analysed area along z.

The placement accuracy is presently limited to less than 20 nm for the three TEMs, but it will be improved by the automatic positioning of the electron beam, which is the objective of the second year activity of the partner SIS.

1.1.5 Sample preparation (procedures and effects on strain)
The CBED analysis is performed on thin cross sectioned samples, suitable for TEM investigations. The preparation procedure is still quite long and tedious (see Deliv. D2). The thinning process, however, induces a relaxation of the crystal along the direction normal to the cross section surface; it has been found that this phenomenon affects the strain values by less than 30% 
.This in turn justifies the use of the plane strain approximation in the strain calculations, reported in §2.1.2.

Moreover, to remove amorphous films at the end of the final thinning by ion beam milling, the angle of incidence of the argon beam is decreased to few degrees.

The effectiveness of this procedure in yielding sample regions free from strain induced by the presence of thin foreign epilayers at both surfaces has been tested on a genuinely unstrained silicon sample, thinned from a bare silicon wafers. A number of CBED patterns have been taken in both thick and thin areas of the cross section; the thickest one was assumed to be undeformed silicon and used to determine the effective acceleration voltage (see D2 for details). The HOLZFIT procedure has been applied to the other points, considered as regions of unknown strain. The strain values obtained in this way were close to zero, within the accuracy of the CBED technique. Therefore, it has been concluded that for the thickness involved in the method, no extra strain in the near-surface region of the sample is induced by the sample preparation procedure.

1.1.6 Analysis time

· Preparation time. Due to the elaborated procedure mentioned in the previous paragraph, the time to prepare a TEM cross section from scratch, i.e. from the as-received wafer, is about half a working day. Significant progress is expected by the use of the new FIB instruments (Dual Beam) provided the extra strain induced by this technique is negligible

· CBED experimental time. When the sample is suitable for the observation (i.e. it contains the structures to be investigated in a region of the sample of the suitable thickness (about 200 nm), the time required for the acquisition of CBED patterns along a number of cutlines is half day

· Elaboration of the CBED data. With the beta-version of the SIS software, which is off-line and does not yet include the automatic positioning of the electron beam at the TEM, the analysis time per sample is one full day.

Micro Raman Spectroscopy (RS)


1.1.7 What is measured
Raman spectroscopy (RS) provides information on vibration modes of gases, fluids or solids (phonons). A vibration mode, described by a mode normal coordinate (uj) is Raman active if its symmetry allows that the polarizability  (a second rank tensor) or susceptibility (for solids) is modulated by uj. So, the quantity Rj = (/uj) should be non-zero. The Rj form a tensor, called the Raman tensor.

The typical parameters of a Raman peak are: its frequency (), its intensity, and its full width at half maximum (FWHM) or left and right half width at half maximum (LWHM, RWHM). The latter parameter is important in case of asymmetrical Raman signals. In the case of an ideal lattice the shape of the Raman peak is a symmetric Lorentzian centered about o. The FWHM is a measure of the phonon lifetime. When the crystal is damaged (for example through ion implantation in Si, or the presence of defects), the peak becomes asymmetrical.
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Figure 2.2.1 Typical Raman spectrum of crystalline Si. The peaks at the left and right are plasma lines from the laser.
In the Raman spectrum of pure, strain and damage free crystalline silicon, there is only one band (one Raman peak) corresponding to the only Raman-active phonon permitted by the crystal symmetry of Si, at o = 521 cm-1 (see Figure 2.2.1). It is a triply degenerate phonon in the sense that this frequency is the same for all phonon polarizations relative to the three crystallographic axes X // [100], Y // [010], Z // [001]. So, there are actually three phonon components, referred to as longitudinal (LO) and transverse (TO1, TO2) phonons, but they all appear at the same frequency o. Their individual scattering contribution can be measured by the use of polarization selection rules. These involve the polarizations of incident (ei) and scattered (es) light with respect to the crystal directions of the sample and the Raman tensors. The intensity of each mode is given by:

Ij ~ (ei.Rj.es)2

The total intensity of the measured Raman peak is:
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The Raman tensors of Si for polarization vectors along the crystallographic axes X=[100], Y=[010], Z=[001] are given by
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(2)

and the corresponding eigenvectors are given by:

v1 = (100), v2 = (010), v3 = (001)






(3)

For backscattering along the Z-axis, the Z-component of ei and es is zero, and Eq. (1) becomes:
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which gives
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This shows that only the third Raman tensor (R3), i.e. the LO mode, contributes to the total Raman signal. So, in backscattering, and if no strain is present in the sample, only the LO mode of Si is visible in the spectrum.

In the presence of strain, the triple degeneracy of the optical phonons of Si is lifted due to anisotropic changes of the lattice constants. In general, each polarization component, i = 1 to 3, of the phonon then has its own frequency i which depends on the strain. The observed shift i of i relative to o can be attributed to tensile or compressive strains. If the strains are inhomogeneous within the region probed by the Raman instrument, i assumes a range of values rather than a single value. As a result, the observed spectrum will be broader and in general asymmetric. So it is important to monitor in addition to the frequency of the Raman peak also the FWHM and the possible asymmetry of the peak.

In practice: the Raman spectrum of Si is measured on the samples at different points (typically each 0.1 m). All spectra are fitted both with a Lorentzian function and with an asymmetrical Lorentzian function. The latter is necessary to detect a possible asymmetrical broadening of the peak. The resulting parameters from the measurement are: i, FWHM, LWHM, RWHM and intensity.

In conclusion: the Raman spectrum of Si reveals information about the existence of strains and their spatial distribution.

1.1.8 From the measurement to the strain distribution

How to calculate strain from Raman experiments is not straightforward. This problem was already described in many papers by Anastassakis et al. [3-5]. The main equation is the ‘secular equation’ which has to be solved for eigenvalues () and eigenvectors:
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where  is the Kronecker delta and 
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(5)

is related to the change of force constants associated with the phonons, with strain. Summation is implied over repeated indices, as usual. The ‘mode coefficients’, Kj,, transform like a fourth-rank tensor. They can be written in suppressed index notation as Kj,, with ,  = 1….6.  The change in Raman frequency with strain is then given by:
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For Si, there are only three independent components for the fourth-rank tensor K [1-3] Relative to the axes system XYZ they are K11, K12, K44 (also called traditionally p, q, r, respectively). In general, this gives for the secular equation (Eq. 4):
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(7)

So, solving this equation for the three eigenvalues provides a relation between the frequencies of the three phonon components. In general, the eigenvectors will be different from the one for the strain free sample (Eq. 3). Also the Raman tensors will differ. If the new eigenvectors are given by vn1, vn2 and vn3, the new Raman tensors can be calculated by solving:

vn1=a v1+b v2+cv3








(8a)

for a, b and c, and then calculating:

Rn1 = a R1 + b R2 + c R3







(8b)

And this should be done for each new eigenvector and Raman tensor. 

The secular equation can not be solved for the general case where all strain coefficients are unknown. In the following sub-sessions, we give some special solutions which are of importance for the STREAM project.

1.1.8.1 Uniaxial stress along a [100] direction

The simplest case for Raman spectroscopy is assuming uniaxial stress XX along for example the X-axes direction ([100]).  As shown in Appendix D8A1, in that case only one Raman peak (the LO peak) is visible in the spectrum and the relation between the frequency shift of this peak (shift from the stress free value) and the stress is given by:
XX(MPa) = - 434   (cm-1)    or    (cm-1) = - 0.0023  XX(MPa) 
(9)

So, in this case we directly have a linear relation between Raman shift and stress.

1.1.8.2 Uniaxial stress along a [110] direction

We first define the same axis system as the one used for the CBED data, as described in Deliverable D2, IST10341-LA-RP001. This system is also shown in Figure 2.2.2. It contains two different axes systems: the crystallographic axes system X[100], Y[010], Z[001] and the sample axis system which is along the width and length of the structures (lines, trenches, etc. are processed along a [110] direction): x[-1,1,0], y[-1,-1,0], z[001].
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Figure 2.2.2 Crystallographic axes system (black, X,Y,Z) and sample axes system (red, x,y,z).
If we assume uniaxial stress along the width of the line or trench, this means uniaxial stress xx along the x[-110] axis. In this case, it is shown in appendix D8A1 that again only one Raman peak is visible in backscattering mode (LO peak) and the relation between this peak the relation between this peak and the stress is again given by:

xx(MPa) = - 434   (cm-1)    or     (cm-1) = - 0.0023 xx(MPa)

(10)

Notice that this means that Raman can not distinguish between uniaxial stress along a [100] axes or along a [110] axes when measuring in backscattering mode on a (100) surface. In order to see the difference, one either has to measure not in backscattering. This means that one can not use a microscope, i.e. there is an important loss in spatial resolution. Or experiments should be performed from another plane, such as the [110] plane, i.e. on the cleaved surface of the sample.

1.1.8.3 Strain data obtained from CBED or modelling

A third assumption is that strain data are obtained from another measurement technique, such as CBED, or from analytical or finite element models. In that case one has to fill these values into the secular equation, and solve for eigenvalues and eigenvectors [6,7]. From the eigenvalues the strain induced shift of the three Raman peaks is obtained. From the eigenvectors the new Raman tensors can be calculated and these can then be used to calculate the intensity of the three Raman modes (see appendix D8A1 for more details).

1.1.9 Precision and accuracy

When using Raman spectroscopy for strain measurements, it is of importance to 

· measure the frequency of the Raman peaks as accurately as possible

· ensure that changes in this frequency are due to changes in strain and not to other factors

· know a reference value for the strain free Raman frequency

· keep an optimal focus of the laser on the sample during the duration of the experiment

These factors were investigated in the frame of the EC project Nostradamus (SMT4-CT95-2024). 

Figure 2.2.3 (left) shows a zoom on a measured Raman signal of Si. This signal actually consists of points. The number of points that determines the Raman peak depends on the number of pixels on the detector used for the Raman instrument and on the spectral resolution of the instrument. The latter depends on the focal length of the instrument and on the gratings which are used for the spectrometer. These are values which are fixed for each instrument and which can not be changed.
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Figure 2.2.3 Zoom out of a typical Raman spectrum of crystalline Si. Right: Same spectrum as left but fitted with a Lorentzian function (red line).

In order to determine the center frequency of such a peak as good as possible, it is best to fit a function through these points. In theory, the Raman signal is a Lorentz function. In practice, it could be a Lorentz, a mixture between Lorentz and Gauss, or an asymmetric function. In our experiments, we always fit the data with a Lorentz function and with an asymmetrical Lorentz function. In non-damaged samples, it was shown that the first gives in general the best results. Figure 2.2.3 (right) shows the result of a fit of a Lorentz function to the data.

In order to obtain a good fit, the signal to noise ratio should be large. This means that the intensity of the peak should be large enough. This intensity can be changed by increasing the laser power used for exciting the Raman signal. However, this is in general a bad idea because this laser may induce heating in the sample, which also does influence the Raman peak position. Best is to measure with a low laser power and use an integration time which is long enough to get the best results. In order to control the latter, the following experiment was performed: On a crystalline Si sample, stress free, Raman spectra were measured at the same position, but using a different integration time. For each integration time, 10 spectra were recorded. The frequency of the peak was determined by fitting with a Lorentzian function and the mean value of this frequency for the 10 recorded spectra plus error on this value was calculated. The results are summarized in the following figure.
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Figure 2.2.4 Left: Mean frequency of 10 Si Raman spectra and standard deviation, plotted as a function of the integration time. Right: Standard deviation as a function of integration time.

Figure 2.2.4 (left) shows the mean frequency as a function of the integration time (i.t.). Notice that the error bar becomes smaller with increasing integration time. Figure 2.2.4 (right) shows this error as a function of the integration time. This clearly shows that the error on the frequency decreases with increasing integration time, however, for an i.t. larger than 50 sec, it saturates to a best value of about 0.016 cm-1. This is the best obtainable accuracy for this Raman instrument. IMEC also uses a second Raman instrument. That instrument is used together with the autofocus system. This instrument was tested already in the frame of the Nostradamus project. There the best value was about 0.005 cm-1 obtained at an integration time of 200 sec. 

As already mentioned above, changes in temperature of the Si will also result in a change of the Raman frequency. This was also studied within the Nostradamus project and a minimum value of 5 mW on the sample was obtained as a safe upper limit. 

One still has to take care when performing experiments on structures such as STI, because even with the same incident laser power, the power reaching the bare Si may differ from the power reaching Si covered by an oxide. This is because less light is reflected when light goes from air to SiO2 to Si than when light goes directly from air to Si. However, this effect can be neglected when the laser power remains under the above mentioned threshold.

Another source of error is the temperature of the room where the experiments are performed and of the detector (which is cooled by liquid nitrogen). If these change, this may result in a crimp or expansion of the instrument, i.e. change of focal length of the spectrometer, change of width of detector, etc… In order to correct for that, plasma lines from the laser, which are Rayleigh reflected from the sample surface, are used for callibration in all experiments. These lines can be seen at the left and right of the Si Raman peak in Figure 2.2.1.

Taking all these parameters into account, the error on the peak position is for the instruments of IMEC typically of the order of 0.02 cm-1. 

Assuming uniaxial stress, this would correspond with a minimal detectable stress of about 8 MPa. To give an order of magnitude of strain corresponding to it, we assume uniaxial stress along [110] (D8A1):
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if we assume zz = 0, this gives fro  = 0.02 cm-1xx =  8.3 E-06

if we assume xx = 0, this gives fro  = 0.02 cm-1zz =  2.1 E-05

So, the sensitivity for strain is of the order of E-5.
Another problem that should be mentioned is that we need a stress free reference value. In order to have optimal results, this stress free value should be on the sample which is being measured. Mostly we assume the stress ‘far away’ from the edge of structures to be zero. How far depends on the structure and is mostly clear from the experiment.

At last, the focus should remain good during the experiment. For this purpose, an autofocus system, which was developed in the Nostradamus project, was further optimized within the STREAM project (see deliverable D6). It was not used for the first measurement campaign, because of some problems which still had to be solved, but it is used for all other Raman experiments performed for STREAM.

1.1.10 Spatial resolution (depth and lateral)

The lateral resolution of Raman spectroscopy was discussed in deliverable D6. 

Depth resolution can be obtained in three ways, depending on the application:

1)
by changing the wavelength of the laser

2)
by cleaving the sample and measuring on the cleaved side

3)
by using a confocal micro-Raman spectroscopy instrument

The Raman signal typically arises from a probed volume defined by the beam waist of the focused laser light and the penetration depth of the light in the sample (see Figure 2.2.5). For a transparent sample, this volume has an oval-like shape.  
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Figure 2.2.5 Confocal principle of a Raman system.
When changing the wavelength of the laser, the penetration depth and thus the probing volume will change. 

The penetration depth for Raman is typically defined as the depth at which the laser intensity drops to 10% of its value at the surface. The total scattered light intensity integrated from the surface of the sample to a depth d, IS, is given by:
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(11)
while that from the depth d to infinity is given by
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(12)
Io, D and  are the incident light intensity, the Raman scattering cross section and the photoabsorption coefficient of the probed material, respectively. If one assumes that the penetration depth, dp, is given by the depth that satisfies the relationship
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(13)
then this depth is given by
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For example, for crystalline Si, dp is 310 nm for the 457.9 nm laser light (the wavelength used fro the STREAM Raman experiments), dp = 570 nm for 488 nm light and dp = 760 nm for 514 nm light. This difference in probing depth can easily be used to obtain information on variations of material properties with depth. However, one has to take into account that the signal originates in the whole probing volume. The depth resolution of this approach is therefore not very good. 

A better way to obtain depth information in opaque samples is by cleaving (or polishing under an angle) the sample and measuring on the cleaved side. If cleaving does not influence the investigated material properties too much, this is a very interesting experimental approach. It has first of all the advantage of offering a good depth resolution, actually the same as the spatial resolution. 

If non-opaque samples are studied, such as diamond or GaN for example, the confocality of a Raman system can be used to obtain depth resolution. The principle of a confocal system is explained in Figure 2.2.5.  The confocal microscope uses a point light source, in this case the laser which is focused through a pinhole and the objective lens on the sample. The pinhole filters the laser light, rejecting unwanted light originating from incoherent emission of plasma lines, scattering by dust particles, etc. The scattered light is focused on the confocal pinhole, which aperture is adjustable. If the confocal hole is completely open, all the light in the probed volume (oval like shape within the focused beam waste) will be detected, i.e. information from different depths is acquired. By reducing the size of the confocal pinhole, light originating in positions higher than or lower than the focal plane will be rejected, as is shown in Figure 2.2.5. So, only Raman signals from a thin layer of the sample will be collected. By focusing at different depths, depth information can be obtained with a resolution of 1 µm. Both Raman systems of IMEC are confocal systems.

1.1.11 Sample preparation (procedures and effects on strain)
When performing experiments from the surface of the sample (backscattering from the (001) plane), no sample preparation is required. The sample is mounted on an XY-stage under the microscope and experiments can start immediately. This sample can be an 8” wafer as well as a small, for example 1 mm by 1 mm, piece.

If experiments have to be performed on a cross-section of the sample, the sample is mostly cleaved along a [110] direction using a diamond tip. If the cleaved surface obtained through this method is ok, no further sample preparation is required. It is expected that the cleaved surface shows some relaxation in the direction of the cleavage, but one can assume that this effect is small compared to the penetration depth of the Raman beam in the sample. However, experiments still have to be performed to confirm this.

1.1.12 Analysis time

· Preparation time. No sample preparation time.  

· Raman experimental time. The integration time used to obtain one spectrum depends on the material of the sample and on the quality of this material. In Si, we typically use an integration time of 30 sec. Further, points are measured each 0.1 m. This means that during a scan along a length of for example 10 m, 100 points are measured, i.e. this takes 3000 seconds. We also count 1 sec/point for saving the spectra. This means that a scan along a length of 10 mm takes 3100 sec or a little bit less than 1 hour. The measurements is automatic, i.e. the operator only has to start up the experiment i.e. fill the detector (this takes about 15 minutes every 3 days) and position the sample (maximal 10 minutes/sample). 

· Fitting of the Raman data. Raman data in some cases show ‘spikes’. This is due to sudden noise in a detector pixel. First the data have to be corrected for these spikes. This takes about 5 minutes for 100 Raman spectra. Next the data are fitted using a routine written in-house in the program Igor. This routine automatically fits a Lorentz function and/or an assymetrical Lorentz function to the Raman spectrum of Si, and a Gauss function to the plasma lines. Correction for plasma line shifts is also done automatically. This fitting takes about 35 sec for 100 spectra.

In conclusion: acquisition and fitting of 100 Raman spectra takes about 1 hour. Or about 2 sec/data point.

1.2 X-ray micro-diffraction
1.2.1 What is measured

By X-ray micro-diffraction we measure the angular and spatial (lateral) distribution of the X-ray diffracted intensity. The modifications in the angular distribution (rocking curve) with respect to a reference diffraction pattern give information about lattice deformation. The spatial distribution of these modifications gives information about spatial strain variations. 

1.2.2 From the measurement to the strain distribution

The measurements are performed using an x-ray optical element, the x-ray waveguide, which gives a magnified view of the sample diffracting region (Fig. 2.3.1) 
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Figure 2.3.1: Schematic view of the x-ray micro-diffraction geometry. The waveguide (WG) produces a divergent and coherent beam with a vertical size of about 40 nm (FWHM). Diffraction takes place in the horizontal plane, thus maintaining a very small divergence (few (rads). The CCD intercepts the diffracted beam at an angle 2( and at a distance Z2 from the sample, giving a magnified view, in the vertical direction, of the diffracting region with a magnification M ( Z2/Z1, where Z1 is the distance WG - Sample. 

The diffracting properties are measured by varying the incidence angle ( between the incoming beam and the diffracting planes. At each angular step an image of the diffracted beam is recorded  by a two-dimensional detector. Each image is composed of n (rows) x m (columns). Each row is the contribution from a given spatial region of the sample, while the columns represent the angular position 2( of the diffracted beam, convoluted with the beam horizontal width. Integrating on the columns for each row, we obtain the diffracted intensity for a given angular position. Plotting this intensity as a function of ( we obtain the rocking curve for that particular row (hence for a given portion of the sample). If the integration on the columns is not carried out it is possible to analyse data in terms of reciprocal space, but this more complex procedure will not be treated here. For further details please refer to [8] and Deliverable D11

The angular variation (( with respect to a reference rocking curve related to an unstrained portion of the sample gives the strain (:

(( x cotg(B= - (
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where (B is the Bragg angle for the set of diffracting planes and the wavelength used. 

For planes parallel to the surface, the only ones that we have taken into consideration up to now, the component (zz is derived. In order to measure the (xx component, diffraction from planes not parallel to the surface should be considered. This is in principle possible, but for the moment we limit ourselves to the (zz component. 

Figure 2.3.2 Rocking curve of a strained (solid line) and unstrained (dashed line) parts 

of sample 19_5

Fig.2.3.2 is an example of a rocking curve for a strained (solid line) and an unstrained (dashed line) portions of a sample with Shallow Trench Isolation structures.

X-rays penetrate deeply into materials, therefore what we obtain is in reality the strain integrated along the sample depth. Therefore from the intensity distribution such as that presented in Fig. 2.3.2 only a qualitative information about strain can be derived. In particular we can obtain the sign of the predominant strain and its order of magnitude. With a proper analysis of the intensity distribution, however, we can extract the complete strain depth profile.  In order to do this we must have recourse to dynamical diffraction. Very sound and effective theoretical models have been developed which from a given strain depth distribution derive the x-ray diffraction profile. We have here the inverse problem, that is we must derive from the diffraction profile the strain depth profile. Since we are not dealing with analytical functions we cannot apply rigorous deconvolution procedures. Therefore we start from a theoretical strain profile, and applying to it the above mentioned dynamical diffraction codes we obtain a diffraction profile that must be compared with the experimental data after a proper convolution with the instrumental function. Then we carry out a fitting procedure which provides us with a refinement of the initial (theoretical) strain depth profile. The initial strain profile is calculated by the IMPACT code developed by ISEN. This procedure is still under development.

1.2.3 Precision and accuracy

The x-ray microdiffraction measurements are essentially based on measurements of angular distances from a reference peak, and the factors that influence the precision are essentially the mechanical movements. An estimation of the error they can introduce in the strain measurement is of the order of 10-6
The main factors which affect the accuracy in the strain determination are:

i) the effective x-ray wavelength 

ii) the reference diffraction profile

iii) the instrumental function

iv) the fitting procedure

Points i) is not very critical, an estimation gives values of the order of 10-6. Points ii) is more critical. In fact we should choose a reference diffraction profile unaffected by strain. We could measure a selected Si sample completely free of strain, but changing the sample does not guarantee the same angular position. Therefore we should measure on the same sample under study also the unstrained profile. We can choose a portion of the sample far from any structure that can induce strain, but we cannot exclude completely the presence of a strain. We can however compare at least the width of the diffraction profile of the unstrained region with that of a selected strain-free sample. If there is no broadening this means that the strain, if any, is at least uniform. We can also measure the reference profile in different parts of the sample, thus obtaining a sort of averaging. We can estimate that the error introduced by the reference profile is not greater than 10-5. 

The instrumental function determines the width of the diffraction profile (both of the strained and unstrained regions). In the present set-up the main contribution to the broadening comes from the wavelength dispersion. The standard band-width of synchrotron radiation beamlines is of the order of 10-4. With the energies and diffracting planes that we generally use this introduces a broadening which is about three times the angular width of the intrinsic diffraction profile. We estimate that this broadening affects the measurement accuracy, mainly for small strain values, giving a limit to the maximum accuracy of the order of 1x10-4. A significant improvement can be realised  with a narrower instrumental function that can be obtained if a non-dispersive geometry for diffraction is set. We plan this improvement for the next run of measurements. The other factor limiting the accuracy is the fitting procedure. We are still working on this subject and is not possible at the moment to give precise values of the accuracy that can be obtained. We can anticipate that the main problem is not the determination of the strain value, that can be quite accurate, but the determination of the depth at which that strain occurs. 

1.2.4 Spatial resolution (depth and lateral) and accuracy

The lateral spatial resolution is a function of the waveguide we use and of the magnification (given by the ratio of the waveguide-sample distance and sample-detector distance; see del. D11 for details). A conservative value of 100 nm has been confirmed by experiments already carried out, but we don't see severe problems to improve this resolution in the future. Concerning the depth resolution, as explained before, this is related to the fitting procedure that we are working on, and we are not able at the moment to give precise values. We must also give an evaluation of the accuracy of the lateral co-ordinates. In general the structures we measure are long stripes, simmetric with respect to their median line (see Figure 3.1.1 below). If the distance WG-sample is large enough that the entire stripe width is illuminated, one measurement is enough to obtain information of the whole width, and therefore a symmetric feature of the strain  with respect to the centre is expected. With the knowledge of the magnification factor through calibration, the distance between specific features gives a quite good accuracy in the determination of the spatial co-ordinates, of the order of few percent of the spatial resolution. 

1.2.5 Sample preparation (procedures and effects on strain)
For micro-diffraction experiments no sample preparation is required, except the reduction of the wafer size to the diffractometer acceptable sample size (of the order of 10x10 mm2). 

1.2.6 Measurement and Analysis time

The x-ray micro-diffraction measurements are performed with synchrotron radiation, and in particular, in our case, at the European Synchrotron Radiation Facility (ESRF). This means that beam-time must be requested for a given scientific or technological purpose. If the proposal is accepted beam time is allocated, generally no more that 3-4 days. We must therefore take into consideration different aspects:

i) Diffractometer and waveguide alignment. As explained in details in Del. D11 precise procedures must be adopted in order to properly align all the diffractometer components to carry out reliable measurements. This would take of the order of 1 full day.

ii) Sample alignment. The sample must also be properly aligned. This would take of the order of 2 hours

iii) Strain measurement on given structures.  Once aligned, all the structures present on a given sample can be analysed without further re-alignment. Depending on the complexity of the structures, on their size, on the spatial resolution required, and also on the mode the synchrotron is running, time of measurement can range between 1/2 and 2 hours per structure. 

A qualitative data analysis that can provide the integral strain is quite fast, requiring approximately 1/2 - 1 hour per structure. For the fitting procedure work is still in progress and we cannot give at the moment an evaluation of the time needed to carry out a reliable analysis.
Table 2‑3 Summary Table of the main characteristics of the three techniques
Parameter
CTEM/CBED
FEG/CBED (energy filtered)
MicroRaman 
X-ray diffraction
Comments

What  is measured
HOLZ lines  shift
HOLZ lines  shift
Raman shift
Angular and spatial diffracted intensity distribution


Need of a model
NO
NO
YES
NO for integral strain

YES for depth distribution


No. of strain components
3
3
 1 stress component
1 for the moment

2 in perspective


Precision 
2E-4
1E-4
1E-5
1E-6


Accuracy
see Table 2‑2
See Table 2‑2
0.02 cm-1
See text


Sample geometry
Cross section
Cross section
Plan or cross section 
Plan


Depth resolution
200 nm
200 nm
300 nm
( 10 microns without fitting.

To be determined when fitting procedure is established


Lateral resolution
10(10 nm
1(1 nm
0.8(0.8 micron
100 nm ( 50 micron


Analysis time:






Sample preparation
0.5 day
0.5 day
none
None


Measurement time
0.5 day
0.5 day
30 sec/point
See text


Data elaboration
1 day
1 day
2 sec/point
See text
TEM values refer to the beta version of the SIS software

1.3 Complementary aspects of the techniques

The microRaman spectroscopy has a characteristic which is complementary to the TEM/CBED technique: it is fast, non destructive and it gives some quick information on the strain distribution in the active region of an STI, although it yields only one stress component and needs a mathematical model. As such, microRaman can be used for a preliminary screening of the structures fabricated at the various stages of the STREAM activity, of course choosing devices larger than 0.8 (m; when a specific technological process evidences significant strain variations, then CBED analysis is to be performed in the corresponding 0.15 (m wide devices. Moreover, as it will be shown in the next Section, it seems possible to correlate the results of the two techniques (for w>0.8 (m) by computing the Raman shift from the strain tensor deduced from the CBED analysis in a number of points of a structure, and comparing these shifts with the corresponding experimental values.


Despite the need for a synchrotron facility, X-ray microdiffraction could be useful in complementing the TEM/CBED results, as it is non destructive and has a good spatial resolution in one direction. For the time being, the possibility to yield only one strain component (integrated along z) is a limitation; moreover, a mathematical model such as IMPACT is needed to get a strain profile along depth. When a second strain component will be obtainable, the comparison with the TEM/CBED results will be more effective.

Application of the experimental techniques to the strain analysis of a specific STI structure 

The three techniques (CBED, microRaman spectroscopy and X-ray microdiffraction) have been employed to determine the strain distribution in the same STI structure, chosen among the ones of the 1st measurement campaign (see Deliverable D2). This structure has the sample code V004808_19_5 and presents active regions with a w =2 (m and a w = 25 (m linewidth and space regions with s = 3.5 (m and s = 6 (m so to allow the strain analysis to be performed by the microRaman technique. The CBED measurements have been performed on the w = 2 (m active region. 

The structure V004808_19_5  presents the following characteristics:

· The trench width is s=6 (m and a depth of 300 nm. The oxide filling has been done in two steps: first a layer of high density plasma (HDP) CVD oxide with good gap-filling properties is deposited, then the final thickness is obtained with a second HDP film, which results in a good surface planarisation

· The padoxide is a thin (13 nm) thermal oxide

· The silicon nitride is 120 nm  thick and deposited by a standard Low Pressure CVD (LPCVD) technique

· No oxide densification process has been performed

1.4 Strain determination by TEM/CBED

The morphology of this STI structure and, in particular of the active area, is shown in Figure 3.1.1. It clearly shows the active region of the STI structure, where the CBED patterns have been taken.

For the strain analysis, a cutline at z= 80 nm from the padoxide/silicon interface has been chosen. The CBED patterns have been taken both in the <130> (26.5° off the horizontal <110> orientation) and in the <230> (11.2° off the <110>) crystallographic projection. As anticipated in Deliverable D5 (see also Deliverable D10) to reduce the unwanted projection effects and to increase the thickness of the region that can be analysed by CBED, the <230> orientation is now preferred over the <130> that was so far employed in the strain analysis; at the same time the acceleration voltage of the electron beam has been increased from 100 kV to 200 kV.

In Figure 3.1.2, Figure 3.1.3 and Figure 3.1.4 are reported the plots of the (XX, (ZZ and (XZ components of the strain tensor, respectively, obtained in the two different experimental conditions (<130> at 100 kV and <230> at 200 kV). Moreover, during the analysis performed at 200 kV, the sample was kept either at a temperature of 100 K (TEM of CNR-LAMEL) or at room temperature (USFD). In Figure 3.1.5 is reported, for the <130> and <230> cases, respectively, the trace of the strain tensor, which represent the volume variation of the crystal lattice, in the corresponding points along the cutline (see also D5).

[image: image65.wmf]
Figure 3.1.1. Bright- field TEM image of the STI structure V004808_19_5, having a linewidth w=2 (m and a trench depth of 300 nm (s=6 (m). It is clearly visible the nitride film 120 nm thick and the HDP trench filling oxide. The white inset represents the image of the corresponding w=0.22 (m structure (_19_4) whose strain data are reported in Deliverable D10.
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Figure 3.1.2. Plot of the (XX component of the strain tensor along the investigated cutline. The curve refers to measurements performed at LAMEL (<130> 100 kV and <230> 200 kV) and at USFD (<230> 200 kV).

[image: image67.wmf]-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-50

-40

-30

-20

-10

0

10

 Tr(

e

)

tensor trace (x 10

-4

)

x (nm)


Figure 3.1.3. Plot of the (ZZ component of the strain tensor along the investigated cutline. The curve refers to measurements performed at LAMEL (<130> 100 kV and <230> 200 kV) and at USFD (<230> 200 kV).
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Figure 3.1.4. Plot of the (XZ component of the strain tensor along the investigated cutline. The curve refers to measurements performed at LAMEL (<130> 100 kV and <230> 200 kV) and at USFD (<230> 200 kV).
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Figure 3.1.5. Plot of the trace of the strain tensor along the investigated cutline. The curve refers to measurements performed at LAMEL (<130> 100 kV and <230> 200 kV) and at USFD (<230> 200 kV).
It comes out from Figure 3.1.5 that the volume variation is negative at the edges of the active region, i.e. that a compressive hydrostatic pressure is exerted onto silicon in these areas. This result is in agreement with that obtained by IMPACT simulation (see Deliv. 12a). 

It is worthwhile stressing that the data in Figure 3.1.5 include points analysed at both room and 100 K temperature: the fact that all the reported trace values follow a common trend indicates that the different dilatation coefficients of the materials involved in the STI structure (silicon, Si oxide and nitride) do not significantly affect the amount of lattice strain in the active region. Moreover, at least in the specific case of this sample, the tilt variation from <130> to <230>, as well as the increase of the acceleration voltage from 100 to 200 kV, do not alter significantly the trend of the profiles. which exhibit rather clear strain distribution along the cutline.

For comparison, it is also reported the strain distribution obtained from CBED on a STI structure V004808_20_5 (Figure 3.1.6). It differs from the previous one for the oxide densification step. 
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Figure 3.1.6. Plot of the strain components and of the trace of the tensor obtained by CBED at USFD. STI structure: V004808_20_5. Cutline at z= 100 nm.

For sake of comparison, the trace of the strain tensors of the densified and undensified strcutures is reported in Figure 3.1.7. It shows that at the cutline’s centre the strain turns from  moderately compressive in V004808_19_5 (prior to densification) to moderately tensile in V004808_20_5 (after densification). However, there is a larger difference at the structure’s edge, where the compressive effect is much less pronounced after the densification step, in agreement with the IMPACT simulations (see Deliverable D12a).

These results will be compared in the next paragraph with those obtained from micro Raman spectroscopy.

[image: image71.wmf]
Figure 3.1.7. Plot of the trace of the tensor obtained by CBED on the STI structures V004808_19_5 and V004808_20_5. Cutline at z= 100 nm.

MicroRaman experiments. Comparison with TEM/CBED

Figure 3.2.1 shows the result of a Raman experiment on STI structure V004808_19_11. The measurement was not restricted to the active region of 2 (m, because we wanted to have a good zero-stress reference value. The figure shows that at about 10 (m from the edge of the wide active region (at position 20 (m), the stress is zero ((( = 0).
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Figure 3.2.1 Raman shift measured on a 2 (m wide and a 25 (m wide active region of sample V004808_19_11.
Figure 3.2.2 zooms in on the 2 m wide active region. This region was also measured on structure V004808_19_5, which gave the same results. The center of that region is placed at position 0 m in figure 3.2.2.
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Figure 3.2.2 Raman shift measured across a 2 (m wide region of sample V004808_19.

In the 2 m wide active region (between position -1 and +1 m), a positive Raman shift is measured, indicating compressive stress in the active region, The maximal shift is 0.39 cm-1. Assuming uniaxial stress along the width of the active region, this would correspond with a stress of (Eq. 10) 170 MPa. In the center of the active region, such an assumption of uniaxial stress along the width of the active region is not unrealistic, because far enough for the edges of the active region, the shear stress and the stress along z can be assumed to be small compared to the stress along the x direction. Inside the trenches, we measure tensile stress (negative Raman shift). 

It is possible to calculate, starting from the CBED data, the corresponding Raman data. The first 5 columns of Table 3‑1 show strain data obtained from CBED measurements. The centre of the STI is assumed to be at X = 0 nm. For each of these points, the corresponding Raman shift was calculated. The procedure followed for this calculation is described in more detail in Appendix I. In short: We have to solve the secular equation (Eq. 7) for eigenvalues and eigenvectors, calculate the new Raman tensors and the Raman intensity using Eqs. 8 and 1. For this purpose, a program was written in ’Mathematica’. The results of the calculations are shown in the remaining columns of Table 3‑1. It lists: the expected shift of the frequency of the three Raman polarisation modes (1, 2, 3) and the corresponding intensities (I1, I2, I3).

Table 3‑1 Raman shift, new eigenvectors and corresponding intensity as calculated from CBED data.
1. Lamel at 100 kV, z = 80 nm











point
x(nm)
exx
ezz
exz
dw1
dw2
dw3
i1
i2
i3

1
270
-5.5
0
-1.8
0.847
0.614
0.393
0.82
3.18
0.00

2
835
0
-5.5
-5.2
0.572
0.331
0.024
1.76
0.00
2.24

3
550
-1.8
-1.8
-1.8
0.437
0.237
0.237
1.33
2.27
0.667

4
720
-1.8
-1.8
0
0.37
0.237
0.237
0
4
0

5
-150
-1.8
-3.7
1.8
0.544
0.351
0.335
1.14
0.00
2.86

2. USFD at 100 kV



Point
z
x(nm)
exx
ezz
exz
dw1
dw2
dw3
i1
i2
i3

1
40
-900
-1.8
5.5
-1.7
-0.202
-0.15
0.0307
0.00
1.77
2.23

2
60
-800
1.8
7.4
5.2
-0.92
-0.57
-0.36
1.52
0
2.48

3
70
-710
-7.4
11.1
-6.9
-1.98
-1.2
-1.19
1.19
0
2.81

4
60
-575
-1.8
3.6
-3.5
0.227
-0.14
-0.0882
1.99
2.01
0

5
150
-210
-1.8
-3.6
-3.5
0.623
0.345
0.246
1.53
0
2.47

6
120
-100
-3.6
1.8
-3.5
0.567
0.194
0.149
1.63
2.37
0

7
130
690
-1.8
3.6
-3.5
0.227
-0.14
-0.0882
1.99
2.01
0

3. USFD at 200 kV



Point
z
x(nm)
exx
ezz
exz
dw1
dw2
dw3
i1
i2
i3

1
60
-780
1.8
0
0
0.262
-0.217
0.128
0
4
0

2
85
-150
-1.8
0
0
-0.262
0.22
-0.128
0
4
0

3
90
270
-5.5
0
-1.7
0.843
0.618
0.393
0.777
3.22
0

4
70
720
5.5
-7.4
0
-0.354
-0.31
0.0527
0
4
0

5
75
835
-1.8
0
3.5
0.424
0.128
0.0547
1.76
0
2.24

6
480
-920
-1.8
0
-1.8
0.336
0.142
0.128
1,54
2.46
0

7
480
-40
-3.7
-3.7
-8.7
1.15
0.487
0.232
1.7
0
2.3

4. USFD at 200 kV



Point
z
x(nm)
exx
ezz
exz
dw1
dw2
dw3
i1
i2
i3

1
100
-910
-11.1
-11.1
-5.2
2.42
1.74
1.46
0.795
3.2
0

2
100
-890
-3.7
-14.7
-5.2
1.59
1.15
0.985
1.11
0
2.89

3
100
-870
-3.7
-12.9
-3.6
1.42
1.04
0.965
0.903
0
3.1

4
100
0
-3.7
1.8
1.8
0.495
0.293
0.156
1.29
2.71
0

5
100
845
-5.5
-12.9
3.6
1.67
1.19
1.17
0.774
3.23
0

6
100
865
-7.3
-14.7
1.8
1.97
1.56
1.41
0.229
3.77
0

In general, the stress is expected to be so small that the Raman tensors and eigenvectors do not change much, and that only one Raman peak (the LO peak) is visible. Indeed, also in the experiments only one peak was observed, we never noticed a splitting into two or more peaks. According to the calculations from the CBED data, this is not always the case. Often two out of the three Raman peaks are predicted to be visible. This does not correspond to the experiments. Further, in some cases even shifts larger than 1.5 cm-1 are predicted. This is rather high, and would correspond with a stress value of about 650 MPa. Such stresses often lead to defect generation is silicon, and for this reason the value seems to be unrealistic. However, one has to take into account that the Raman data are a weighted mean value over the probing depth of the laser, while the CBED data are at one certain depth. For this reason, we do expect a difference between Raman data and CBED data. 
In order to discuss this in more detail, let’s concentrate on the data where only one Raman peak is predicted, i.e. only one intensity is non-zero or much larger than the others. We compare the CBED predicted Raman shift with the Raman value measured at that position (mean value of the Raman peak position measured at position +X and –X). The results are shown in Table 3‑2. 

Table 3‑2 Comparison of Raman shift calculated from CBED and experimentally measured Raman data at points where only one peak is predicted to be visible. Sample V004808_19.
point
table
Z (nm)
X (nm)
 from CBED (cm-1)
 from Raman (cm-1)

1

4

1

2

3

4
3.2.I.1

3.2.I.1

3.2.I.3

3.2.I.3

3.2.I.3

3.2.I.3
80

80

60

85

90

70
270

720

-780

-150

270

720
0.614

0.237

-0.217

0.22

0.618

-0.31
0.34

0.07

0.03

0.37

0.34

0.07

The data from Table 3‑2 are also summarised in Fig. 3.2.3. The red points are measured Raman frequency shifts, the black points are Raman shifts calculated from CBED data. There is a discrepancy between CBED and Raman, but it is not very large. Both predict a decrease of the Raman peak signal towards the edge of the active region. These first calculations of Raman data from the CBED are certainly promising. 
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Figure 3.2.3 Raman shift calculated from CBED data (black) at different depths (indicated in figure) and measured Raman data (red) as a function of the distance from the center of a 2 m wide region of sample V004808_19.

Also CBED data from sample V004808_20_5 were obtained and the corresponding Raman shift was calculated. The results are shown in Table 3‑3.

Table 3‑3 Raman shift, new eigenvectors and corresponding intensity as calculated from CBED data for sample V004808_20_5.
USFD at 200 kV  ST 20_5












Point
z(nm)
x(nm)
exx
ezz
exz
dw1
dw2
dw3
i1
i2
i3

C
100
-905
-3.5
-3.5
-3.5
0.849
0.46
0.46
1.33
0.095
0.667

E
100
-895
-3.5
0
0
0.509
0.421
0.25
0
4
0

G
100
-885
-3.5
-1.7
1.7
0.661
0.453
0.352
0.963
3.04
0

I
100
-865
-3.5
0
-3.4
0.648
0.282
0.25
1.52
2.48
0

K
100
-845
-3.5
0
-1.7
0.564
0.366
0.25
1.12
2.88
0

O
100
-805
-5.3
0
0
0.77
0.638
0.378
0
4
0

Q
100
-785
-5.3
2
-1.7
0.7
0.492
0.258
0.958
3.04
0

centre2
100
-50
-1.6
3.9
-3.4
0.179
-0.18
-0.12
2.04
1.96
0

centre4
100
0
-1.6
5.7
-1.7
-0.229
-0.19
0
0
1.69
2.31

centre5
100
25
-1.6
2
0
0.112
0.096
-0.0062
0
4
0

centre7
100
75
-3.5
3.8
-3.4
0.438
0.08
0.0212
1.77
2.23
0

point12
100
800
-5.3
3.8
0
0.542
0.455
0.15
0
4
0

point8
100
860
-1.6
2
-5.1
0.371
-0.16
0
1.94
2.06
0

point6
100
890
-3.5
5.7
-8.5
0.601
-0.29
-0.09
1.96
2.04
0

point4
100
900
-3.5
-1.7
1.7
0.661
0.453
0.352
0.963
3.04
0

point2
100
910
-5.3
2
-5.1
0.868
0.323
0.258
1.6
2.4
0

Figure 3.2.4 shows the Raman shift measured during a scan across structure 11 on sample V004808_20. Again it was assumed that in the center of the very wide (25 m) active regions, the stress is zero. The Raman shift measured at that position was taken as stress free reference value. In this experiment, the scan passed two 2 m wide active regions. They are shown in more detail in Fig. 3.2.5.
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Figure 3.2.4 Raman shift measured during a scan across structure 11 on sample V004808_20.
In Figure 3.2.5, we plot in black the 2 m active region which can be seen at the left side of Figure 3.2.4 (at position 3 m) and in red the 2 m active region which can be seen at the right side of Figure 3.2.4 (at position 67 m) together centered around position 0 m.
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Figure 3.2.5 Raman shift measured during a scan across structure 11 on sample V004808_20.

Figure 3.2.5 shows the excellent reproducebility of this Raman experiment. Notice how the data of the two different 2 m active regions (at 0 m) correspond very well, and also the data of the left side of the 25 m wide active regions (starts at about 6 m) fall together very well. This means that the focus was maintained very well during the scan. The maximal shift measured in the center of this 2 mm region is 0.374 cm-1. Table 3‑4 compares the Raman shift calculated from the CBED data and the measured Raman data for this sample. Again, we only performed the calculations for data where, according to the calculations shown in Table 3‑3, only one Raman peak was visible. They are indicated in blue in this table.

Table 3‑4 Comparison of Raman shift calculated from CBED (at z = 100 nm) and experimentally measured Raman data at points where only one peak is preditced to be visible. Sample V004808_20.
point
X (nm)
 from CBED (cm-1)
 from Raman (cm-1)

E

G

O

Q

Centre5

Point 12

Point 4
-895

-885

-805

-785

25

800

900
0.421

0.453

0.638

0.492

0.096

0.455

0.453
-0.025

0.024

0.01

0.02

0.367

0.012

-0.027

It is clear that for this experiment, the data from Raman do not fit with the data from CBED. 

1.4.1 Discussion

In the STREAM project, it is for the first time attempted to compare CBED data directly with Raman data. A problem when comparing CBED data with Raman data is that CBED data give the strain values in one point at a certain depth of the sample, while the Raman data give the weigthed mean across a depth and also across a beam width of about 1 m. It is clear that a direct comparison between these data is difficult. It is only possible if the stress gradient along Z for a depth of about 300 nm can be neglected and along X for a width of about 1 m. This is certainly not the case for the 2 m wide active regions isolated by shallow trenches. 

In order to allow a better comparison with the CBED cutline(s), there are two ways to follow:

- both Raman data and CBED data should be compared with IMPACT simulations. Indeed, from simulations the Raman data can be calculated taking into account both penetration depth and spatial resolution. On the other side, also the CBED values can directly be obtained from the same IMPACT simulations. This work is on-going.

- Raman measurements are planned on TEM-sample cross sections. In this case, the ‘depth’ factor does not play anymore. This should allow a better comparison of both experimental (Raman and CBED) and IMPACT simulated Raman shifts. 

1.5 X-ray microdiffraction

[image: image72.wmf]X-ray microdiffraction measurements on structure 19_5 have been performed with the main purpose to test the experimental set-up and procedures, more than really compare the results with the outcome of the other techniques. 

Figure 3.3.1. Strain map close to the edges of two 25 (m active areas, with the 3.5 (m space in between.

Only the integral strain result is given here. An interesting feature of the strain measurements with x-ray microdiffraction is that large area can be analysed without loosing in spatial resolution. In particular, the structure 19_5 is a long structure with a period of 67.5 (m, and with active area and space area of different widths. Since the length illuminated by the x-ray beam is about 10 (m, to measure the complete structure we had to perform several measurement, at each measurement moving the structure vertically. Interesting features are present close to the 25 (m active areas ending parts. The rocking curves are presented in Figure 3.3.1 as a bi-dimensional map where the vertical co-ordinate is the spatial position and the horizontal one is the (zz strain component integrated in depth. 
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The colour scale is related to intensity and roughly represents the sample volume having a given strain value. As can be seen immediately, tensile strain is developed in a small region close to the end of the active areas. Strictly speaking, a comparison with the CBED results cannot be made, because these refer to the active region 2 (m wide (area a1). Unfortunately in our measurements the 2 (m wide active area  occurs very close to the end of the area seen by a single measurement, and in the sequence of the measurements the superposition of the areas was not perfect, thus measurements in this area are not very reliable. Anyway we have indications that the results are not very different from those obtained in the 25 (m active regions (areas a2 and a3). Thus we can carry out a qualitative comparison between our measurements on structure a2-a3 and the CBED results on structure a1. From analysis of all the rocking curves we can derive a rough measure of the average strain vs. spatial co-ordinate. Figure 3.3.2 shows this measure close to the edges of the 25 (m active areas and the 3.5 (m space. 

Figure 3.3.2 Average strain evaluated by x-ray microdiffraction close to the edges of two active areas 25 (m wide with a 3.5 (m space in between.

[image: image74.png]


The strain we measure is much smaller, and of opposite sign, than that presented in Figure 3.1.3.  This discrepancy could perhaps be explained with the possibility that  the angular range of the rocking curve we measured was too limited to record peaks far from the main peak, therefore related to large strain. In fact there are two regions clearly visible in Figure 3.3.1 where the intensity is depleted, and this could mean that part of the diffracted intensity is deflected towards another peak which is at an angle larger than our measuring range in this particular case. In future measurements a larger angular range will be certainly explored. As explained at the beginning, these measurements were planned essentially to test the experimental apparatus, more than really make a comparison with the other techniques. 

2. Conclusions









A useful assessment of the positive and negative characteristics of the three techniques employed in the project for the strain determination is presented in this Deliverable. 

It has been tried to compare the results obtained with the three techniques by analysing an STI structure of the first measurement campaign, which has linewidths of 2 and 25 (m. TEM/CBED has been applied to the 2 (m active regions only, as due to its by far higher resolution, it is not suitable for large structures. It is obvious that for the analysis of memory cells, only the TEM/CBED technique will be applicable. For this investigated STI, MicroRaman and XRD have been performed on structures of both linewidths

The latter technique was employed just to test the experimental set-up and procedures; only the integral strain result (zz has been given in the larger structure. Close to the edge a tensile strain of the order of 10-4 is obtained, but it is possible that in these preliminary measurements some important parts were missed because of a too limited angular range.

A more thorough investigation on the comparison between TEM/CBED and microRaman has been performed on the 2 (m structure. It comes out that it is possible to compute the Raman shift from the experimental CBED strain tensor; by the way, it is the first time that this procedure is adopted worldwide. In some cases it has been found a fair agreement with the Raman shifts obtained experimentally. However, often the CBED data did not match with the Raman experiments. Probably the reason is the stress gradients along x and z which are not taken into account in these calculations. The simulations of the Raman shifts by IMPACT will be useful; they will have as an input the strain fields generated by IMPACT itself as well as the experimental CBED ones.

3. Appendix I

This appendix gives more details on the calculations of the relation between stress or strain and Raman shift for the case of uniaxial stress along a [100] direction, uniaxial stress along a [110] direction, and plane strain.

3.1 A.1. Uniaxial stress along a [100] direction

The simplest case is assuming uniaxial stress  XX along for example the X-axes direction ([100]). We first have to solve Hooke’s law to calculate the corresponding strain:

 = S

or in matrix notation
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(A1)

If only  XX is non-zero, this gives:
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The secular equation (Eq. 7) then becomes:
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from which the eigenvalues can directly be calculated:

1=pXX+2qYY=(pS11+2qS12)  XX
2=(p+q)YY+qXX=(pS12+q(S11+S12))  XX

3=(p+q)YY+qXX=(qS11+(p+q)S12)  XX

so, the relation between Raman shift and stress becomes:

1 =  EQ \F(l1;2wo)   =  EQ \F(1;2wo) (pS11 + 2qS12)    XX


2 =  EQ \F(l2;2wo)   =  EQ \F(1;2wo) (pS12 + q(S11 + S12))   XX
(A2)
3 =  EQ \F(l3;2wo)   =  EQ \F(1;2wo) (pS12 + q(S11 + S12))    XX


The eigenvectors are not changed, which means that also the Raman tensors and the corresponding polarisation vectors remain the same as without stress present (Eq. 2,3). For backscattering from a (001) surface, which is the most common surface of Si wafers used in microelectronics processing, only the third Raman mode is observed, and the relation between the shift of this mode and the stress is given by the third relation in Eq. A2. Using the appropriate values3 for p, q, r (p = -1.85 o2; q = -2.31 o2; r = -0.71 o2; o = 521 cm-1) and Sij (S11 = 7.68 10-12 Pa-1, S12 = -2.14 10-12 Pa-1, S44 = 12.7 10-12 Pa-1), this results for crystalline Si in:

 XX(MPa) = - 434 3  (cm-1)    or   3  (cm-1) = - 0.0023  XX(MPa)
(A3)

So, in this case we directly have a linear relation between Raman shift and stress.

3.2 A.2 Uniaxial stress along a [110] direction

We use the same axis system as the one used for the CBED data, as described Fig. 2.2.2. It contains two different axes systems: the crystallographic axes system X[100], Y[010],Z[001] and the sample axis system which is along the width and length of the structures (lines, trenches, etc. are processed along a [110] direction): x[-1,1,0], y[-1,-1,0], z[001].

If we assume uniaxial stress along the width of the line or trench, this means uniaxial stress xx along the x[-110] axis. In order to calculate what this means in the crystallographic system, we have to perform a tensor rotatation between XYZ and xyz (or opposite). For symplicity, and because we will need these equations later on, we perform the rotation from the XYZ to the xyz system. It was controlled that the inverse rotation gives the same results.

A vector v (vX,vY,vZ) initially described in XYZ, may be described in xyz using the following transformation:
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Remark, R is the rotation matrix for rotation of a vector. If we perform rotation of axis, we perform a rotation of  unit vectors along these axes (eX = [100], eY= [010], eZ = [001] to ex = 1/[-1,1,0], ey = 1/ [-1,-1,0], ez = 1/ [001].) another relation is valid:
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(A5)

The tensor A and R are related to each other by: 

R = AT







(A6)

Solving (11) for a rotation from XYZ to xyz gives:
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So, R is given by (Eq. A6):
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In the following, we give some general equations for stress, strain and rotation to other axes systems. Stress and strain are related through Hooke’s law:
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Here Sijkl and Cijkl are the compliance and stiffness moduli of the crystal under consideration, Si in our case. They are both tensors of the fourth rank. The tensor terms are usually expressed with two subscripts instead of four, in ‘matrix’ notation. We will refer to these tensors as Csample, Ssample in the sample axes system, and Ccryst, Scryst in the crystallographic axes system. 

From tensor rotation rules, it follows that the relation between the strain tensor components in the sample system and in the crystallographic system is given by:
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 or
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where
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In the same way, S in given by Eq. (A10) and:
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In our case, S becomes:
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and S becomes:
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(A15)

In the case of uniaxial stress along the x-axis of the sample system, xx, Eq. A13 becomes:
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(A16)

This gives for the stress components in the XYZ axis system:

XX =YYXY = ½ xx




(A17)

and all other components are zero. We need the strain components to solve the secular equation. These are calculated from Hooke’s law. This results into:
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This gives for the secular equation:
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An important solution for the eigenvalues is the third one:
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In backscattering, only this mode is visible. So, for uniaxial stress along a [110] axis, the same relation holds as for uniaxial stress along the [100] axis, i.e.

xx(MPa) = - 434 3  (cm-1)    or   3  (cm-1) = - 0.0023  xx(MPa)

(A21)

3.3 A.3 Strain data obtained from CBED or modelling

For each of the CBED measurement points, the corresponding Raman shift should be calculated. We need all strain tensor coefficients to solve equation 7. Only 3 coefficients are given for the CBED data. This is because there are only three independent values, as a result of the plane strain assumption.

Indeed, it is assumed for CBED that in the sample system x,y,z (see red system in Figure 2.2.2), only the strain in the xz plane is non-zero. This means that:
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(A22)
Using Eq. A11 we obtain for plane strain:
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(A23)
From which follows:
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(A24)

So, now we have all strain tensor components in the crystallographic system and we can, using the CBED values from Table 3‑1, calculate the expected Raman shift. We have to solve the secular equation for eigenvalues and eigenvectors, calculate the new Raman tensors and the Raman intensity. For this purpose, a program was written in ’Mathematica’. The results of the calculations are shown in the Table 3‑1. 

3.4 A.4 Sample system [-110],[-1-10],[001]

Because of the symmetry of the problem, it could be simpler to perform the calculations in the system of the sample, i.e. the red axes system in Fig. 2.2.2. For this purpose, we first calculate the secular equation in this system. This is done by first rotating the fourth rank tensor K (Eq. 5), which in the crystallographic system is given by:
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This tensor transforms in a similar way as the compliance tensor C (Eq. A9). To find this, we use the following equations (from A9, A10):
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so
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but
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so from Eq. A26 and A27 follows:
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Further it can be shown that
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which results for Eq. A28 in
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As mentioned above, the tensor K transforms in the same way as the tensor C. Using Eq. A15, A24 and A30, this gives for K in the sample system:
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if we define
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the secular equation in the sample system becomes:
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For plane strain in the sample system (x,z plane), this gives:
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Using these equations to calculate the Ramanshift corresponding to the CBED values gave the same results as when done in the crystallographic axes system.
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