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Abstract. Sil_xGe x heterostructures have been grown by molecular beam epi- 
taxy, with nominal compositions of 10 and 15 at %. Analytical electron micros- 
copy, Rutherford backscattering spectrometry and ion channeling have been 
used in order to determine film thickness, Ge molar fraction and tetragonal 
distortion. The actual Ge concentrations were found to be smaller than the 
nominal ones. For all the SiGe films a coherent growth was found, with a small 
deviation from the perfect tetragonal distortion. The good agreement found 
between the results obtained by each analytical technique demonstrate that these 
methods of characterization are powerful tools for the control of the epitaxial 
layer parameters. 
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1. Introduction 

Silicon-germanium alloys are presently receiving considerable attention due to 
the progress in the growth of strained coherent SiGe layers on silicon, which has 
made bandgap engineering possible in silicon technology. The feasibility of SiGe- 
based heterojunction bipolar transistors (HBTs) has been demonstrated a few years 
ago [1]. Other device structures such as FETs and optoelectronic detectors have 
also been demonstrated. Recently HBTs have been produced with high transit fre- 
quencies up to 75 GHz [2] and low base sheet resistivities down to 0.3 k o h m / D  
for a 50 nm thick base [3]. The thickness of the Sil_xGe x layer is an important  
device design parameter. The maximum thickness for pseudomorphic growth (criti- 
cal thickness) of the alloy is strongly related to the Ge atomic fraction x. Moreover, 
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the b a n d g a p  width  of the al loy depends  on  the value of  the lattice strain, which, in 
turn,  cons iderab ly  affects the t ransi t  t ime of  the electrons in the base region. There-  
fore thickness,  Ge  concen t r a t i on  and  lattice s train of  the SiGe thin films are pa rame-  
ters tha t  mus t  be accura te ly  de te rmined  and control led.  

S i l_xGe x films g rown  on Si by molecu la r  b eam  epi taxy (MBE) have been 
analysed by  analyt ical  e lec t ron mic roscopy  (AEM) and by Ru the r fo rd  backscat te r -  
ing spec t rome t ry  (RBS) and  ion channel ing.  In  A E M  the G e  concen t ra t ions  have 
been de te rmined  by energy  dispersive X-ray  spec t romet ry  (EDS) and the lattice 
strain by convergen t  beam elec t ron diffract ion (CBED)  and  large angle convergen t  
be a m elec t ron diffraction (LACBED) .  The  RBS m easu rem en t  of  the chemical  profile 
in the samples is comp lemen ted  by the analysis of  their  plastic and  elastic deforma-  
t ion pe r fo rmed  in channel ing  condi t ion.  

2. S a m p l e  Preparat ion  

Si I xGe x alloys were grown by conventional solid source MBE. The details of the growth have been 
described before [-4]. Briefly, Si and Ge are each evaporated from electron beam sources that are 
individually closed loop controlled. The substrate temperature is independently controlled by radiant 
heating from behind the wafer. As described elsewhere [5] the growth of abrupt Si/SiGe structures 
requires low temperatures. The films employed in this study were typically grown at 550~ at growth 
rates of about 0.5 nm/s. Prior to growth the Si(100) wafers were RCA cleaned and in situ cleaned at 
temperatures of about 900~ for 20 rain. This resulted in an atomically clean surface on which a thin 
(typically 100 nm) Si buffer was grown at 650~ The temperature was then ramped down and the 
SiGe layer was grown. The nominal features of the specimens investigated are: x = 15% and t = 100 nm 
for specimen SIGE5, x = 10% and t = 500 nm for specimen SIGE6 and x = 10% and t = 100 nm for 
specimen SIGE7. 

3. Ana ly t i ca l  Electron  M i c r o s c o p y  

3.1. Experimental 

TEM [-001] plan-sections and [-100] cross-section of the various heterostructures were analysed. TEM 
cross-sections were prepared according to a procedure [6] that involves glueing, sawing, mechanical 
lapping down to 20 #m, and ion-beam milling to perforation. For the X-ray microanalysis the 
cross-sections were preferred to the corresponding plan-sections. In fact, in this case the contribution 
to the analysed volume from the silicon substrate, which would affect the determination in a rather 
unpredictable way, can easily be avoided. TEM plan-sections were first mechanically thinned down 
to 20/~m and then ion milled to perforation. 

The TEM specimens were investigated by using a Philips CM 30 TEM, equipped with an EDAX 
PV9900 (EDS). The accelerating voltage was 300 kV for imaging, X-ray analysis and LACBED 
purposes, and 100 kV for the CBED experiments. A Gatan liquid-nitrogen cooled double tilt holder 
was employed. The spot size at the specimen level was 10 nm, obtained in the nanoprobe mode; this 
mode of operation is particularly advantageous in EDS analyses, because it minimises the contribution 
to the X-ray signal coming from the electrons backscattered from the lower pole pieces of the objective 
lens. The analysed volume was of the order of 10 4 #m a. 

3.2. Morphology and Structure 

T w o  X T E M  mic rographs  showing the m o r p h o l o g y  of  samples S I G E 6  and  S IG E7  
are p resen ted  in Figs. l a  and  lb.  Sample  S I G E 6  has g rown  wi thou t  th read ing  



Composition and Strain in Sil_~Gex/Si Heterostructures 177 

Fig. 1. a XTEM bright field image of sample SIGE6, and h XTEM dark field image (g --- (004)) of 
sample SIGE5 

dislocations and with a sharp interface with the buffer. No misfit dislocations are 
detected in plan-'thinned samples, so a coherent growth can be assumed. 

Somewhat different is the situation in samples SIGE7 and SIGE5, as shown 
in Fig. lb which refers to the latter. In these heterostructures contrast features 
extending from the SiGe/buffer interface to the surface are clearly detected. This 
contrast, on the basis of diffraction contrast experiments (visibility with 9 = (004) 
parallel to the growth direction, extinction with 9 = (040) normal to the growth 
direction), can be reasonably ascribed to small strain variations between adjacent 
columns of SiGe film, and not to structure factor contrast. No dislocations (thread- 
ing and/or misfit) are detected in both plan and cross-sectioned specimen, so a 
coherent growth can also be assumed for these samples. 

3.3. X -Ray  Microanalysis 

The film composition has been determined by TEM/EDS at 300 kV in the nano- 
probe mode. The choice of the maximum accelerating voltage available in our 
microscope is dictated by the increase in the peak-to-background ratio and the 
corresponding decrease, with increasing beam energy, of beam broadening, thus 
improving the analytical accuracy and spatial resolution. To obtain the Ge concen- 
tration in the various SiGe films, a previously reported analytical method was 
employed [7-8]. Basically, it consists of the intensity measurement of the SiK~ and 
GeK~ X-ray peaks generated in the SiGe film at two different tilt angles (0 ~ and 
20~ This method, which allows one to obtain simultaneously the composition and 
thickness of a thin film, requires the experimental determination of the intensity 
ratio, R,, = I(SiK,)/I(GeK~) at the two tilt angles and makes use of two computer 
programs. The first code, named CARLONE, is a Monte Carlo simulation based 
on the single scattering approach and the continuous slowing down approximation. 
It generates two sets of computed ratios Rc = I (SiK,) / I (GeK,)  for the two tilt 
angles, as a function of the Ge concentration, x, and mass thickness pt [mg/cm2]. 
A procedure similar to the one proposed by Kyser and Murata [9] enables one to 
determine the x and pt values which minimize the difference [Re(x, pt) -- Rm[ for the 
two tilt angles. Such a method, codified in the second program, ROSIN, does not 
need standard samples for reference, provided the X-ray absorption in the beryllium 
window of the detector is known. In Fig. 2 the result of the minimization procedure 
in the case of sample SIGE5 is reported. The experimental intensity ratios R m were 



178 A. Armigliato et al. 

�9 

-d 

0.17 

C 

0 . 1 6  

�9 

~-~ 9.15 

O 
~S 0.14 
c~ 

4~ 

0.13 
�9 
�9 

o 0.12 
�9 

| 

I r , , I , , i , ~ , I J , ~ I 

0.00 0.05 0.10 0.15 0.20 

Mass T h i c k n e s s  p t  ( r n g / c r n  2) 

Fig. 2. Germanium concentration as 
a function of the local mass thick- 
ness, pt, for the SIGE5 film. The two 

curves correspond to the X-ray spec- 
tra taken at tilt angles of 0 ~ and 20 ~ 

3.23 + 0.07 and 3.70 + 0.07 for 0 ~ and 20 ~ of tilt, respectively. The crossover of the 
curves, corresponding to the two tilt angles, gives the Ge concentration and the local 
thickness of the cross section. Although this latter parameter is of no practical 
importance (the relevant thickness being that of the original SiGe film, which is 
immediately deduced from the width of the corresponding stripe in the cross- 
sectional image), the existence of a crossover in plots like the ones in Fig. 2 is not a 
priori predictable and is therefore a test of the quality of the experimental measure- 
ments. By considering the errors in beam repositioning when tilting from one angle 
to the other and back, as well as the statistical uncertainties, an overall experimental 
error smaller than 2% can be estimated. The X-ray analysis of sample SIGE6 
revealed that the Ge concentration was not constant along the film depth; namely, 
that there were two distinct regions of different composition, the border being 
located at about 100 nm from the SiGe/substrate interface, as seen in Fig. la. The 
data on the Ge concentration in the investigated SiGe films are summarized in 
Table 1. 

Table 1. Germanium concentration C, film thickness t and tetragonal distortion 8 r in the different Sil_xGe x 
films, as deduced from analytical electron microscopy (AEM) and Rutherford backscattering spectrometry 

(RBS) 

C(Ge) (at.%) t(nm) e r (AEM) (%) f(1 + ~) - er (%) 

Sample EDS RBS CBED LACBED s T (RBS) LACBED RBS 

SIGE5 13.4+0.4 13.4+0.3 447+__5 0.83___0.09 0.85+0.04 0.85+0.03 0.06+0.05 0.06-1-0.04 
SIGE6 7.7___0.4 7.7+0.3 385___5 0.50+__0.05 0.50___0.04 0.45+0.03 0.04-t-0.05 0.08___0.04 

6.3+0.4 6.1___0.3 100+5 
SIGE7 7.7-t-0.4 7.7-t-0.3 109_+5 0.46_+0.05 0.42_+0.04 0.45___0.03 0.10_+0.05 0.08-+0.04 

EDS = energy dispersive spectrometry; CBED = convergent beam electron diffraction; LACBED = large 
angle CBED. The quantity f(1 + c 0 is the value of tetragonal distortion for a perfect pseudomorphic growth, 
hence f(1 + ct) - e r gives the strain release of the films. Note that SIGE6 exhibits two regions of different 
composition. 
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3.4. Convergent Beam Electron Diffraction Analysis CBED and LACBED 
• 

The tetragonal strain is defined as e T _ aside 1, where aside • and a~G e are the lattice 
a~iGe 

constants along directions perpendicular and parallel, respectively, to the wafer 
surface (for coherent structures a~i~e = a s i ) .  The values of e T of the various hetero- 
structures have been measured by convergent beam electron diffraction techniques 
named CBED [10] and LACBED [11]. 

In the first case the tetragonal strain has been measured through the variation 
of high order Laue zone (HOLZ) lines position in the central disc of a [130] 
convergent beam diffraction pattern taken at 100 kV. In order to quantify the 
unknown lattice parameter variations between the strained SiGe film and the silicon 
substrate, the silicon experimental pattern is first matched with a kinematically 
simulated one (EMS routine by Stadelmann [12]) taking the acceleration voltage 
as a fitting parameter while the silicon lattice constant is assumed to be 0.5429 nm 
which is the value at the temperature of observation (100 K). Then the unknown 
lattice parameters of the SiGe films are determined by fitting the experimental 
pattern with the calculated one, taking the SiGe lattice constants as fitting parame- 
ters. The experimental and calculated HOLZ-line patterns relative to the SIGE5 
and SIGE7 samples are reported in Fig. 3. It is interesting to correlate the CBED 
patterns with the morphology observed in diffraction contrast experiments; in 
particular by considering the sharpness of the lines, which is a test for the crystal 

Fig. 3. a - c  [130] experimental HOLZ-line patterns relative to the silicon substrate, to SIGE5, and to 
the SIGE7 film. d-f Corresponding kinematically computed patterns. Acccleration voltage: 100 kV. 
Analyses performed at 100 K 
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quality, it is reasonable to assume that the contrast features observed in Fig. lb are 
produced by a strain lower than the sensitivity of the CBED technique (2.10-4). 

The HOLZ-line method is particularly suitable in cross-sectioned samples, since 
the interface between the substrate and the SiGe film is parallel to the viewing 
direction, and so distinct HOLZ-line patterns from the substrate and the strained 
layers can be independently recorded in sequence. With this method it is possible to 

• 
determine with high accuracy the quantity • as~ce .... SCBED- 1 measured on the 

asi 
thinned specimen where a relaxation of the stress along the thinning direction and 
the consequent modification of the strain field could occur. As we have found in 
previous experiments [13] the amount  of this modification depends on the local 
thickness of the specimen and on the distance of the analysed region from the 
SiGe/buffer interface. However for thicknesses suitable for CBED measurements 
(about 300 nm) and for distances from the interface greater than 50 nm we have 
found that the ratio between S~BED and S T is 0.80 + 0.08, a value slightly higher than 
that relative to the fully relaxed case (2/(2 + c~) = 0.72, where c~ = 2"C12/C 1 t, with 
C12, Cla two of the stiffness constants of the material [-14]). By means of this 
correction factor we can estimate s T with an accuracy of about 10~. These values 
are reported in Table 1 for all the three samples investigated. 

The difficulties associated with strain quantification in cross-sectioned samples 
can be overcome by using the LACBED technique in plan-sections, where relaxation 
phenomena are smaller [11]. This technique directly measures the rotation of the 
planes inclined at a particular angle 0 with respect to the surface which is caused 
by the tetragonal distortion of the cubic lattice. The amount  of rotation is related 
to the s T with the relation: 

2A0 = s T sin(20). (1) 

The tetragonal strain can therefore be readily obtained by measuring A0. This can 
be achieved by means of the LACBED technique because both the unperturbed and 
the tilted planes may be observed in their Bragg position owing to the large 
illumination angle used. Thus a rocking curve is obtained for each plane, and 
Bragg contour deficiency lines are observed in the transmitted beam; if a strained 
layer is present, medium and high index reflections show a split central peak. A0 
can therefore be measured from a single diffraction pattern. Figures 4a and b show 
direct beam LACBED [012] zone axis patterns from the SIGE5 and SIGE7 speci- 
mens. It is clearly seen that the (084) and (242) Bragg contours relative to planes 
inclined with respect to the [001] sulface are split, whereas the (800) Bragg contour 
relative to the plane parallel to the surface is unsplit. From these LACBED patterns 
we have deduced s T according to Eq. (1). The measured values are reported in 
Table 1. 

It is useful to consider the value that the tetragonal distortion should have for 
a perfect pseudomorphic growth, f(1 + ~) where f is the misfit, defined as 

f -  asiGe 1. (2) 
asi 

We calculated f taking into account the deviation of asiGe from the Vegard law [ 15], 
for all the three samples. The difference between f(1 + ~) and s r, reported in Table 
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Fig. 4. a, b [012] zone axis LACBED pattern taken on the sample SIGE7 and SIGE5 at 300 kV. 
Splitting of the (084) and (242) Bragg contours is evident. The (800) Bragg contour is unsplit 

1, measures the efficiency of the lattice defects to release the elastic energy accumu- 
lated in the elastic distortion of the lattice. 

4. Rutherford Backscattering Spectrometry and Ion Channeling 

4.1. Experimental 

The Rutherford backscattering spectrometry (RBS) spectra were recorded to check 
the thickness and the composition of the layers. They were collected using a 2.0 MeV 
4He § beam produced by the 2.3 MV Van der Graaff accelerator placed at the 
Laboratori  Nazionali di Legnaro. The charge collection measurement was per- 
formed using the scattering chamber as a Faraday cup and was accurate to better 
than 1%. In the case of the thinner film sample (SIGE7, nominally 100 nm thick) 
the scattering angle was chosen equal to 120 ~ in order to have a good thickness 
resolution. The RBS measurements were calibrated in solid angle against Ta/Si 
standard samples, whose absolute Ta content was known with an accuracy better 
than 2% [16]. A high precision goniometric sample holder was used to perform the 
channeling analysis. Three rotation axes allow complete freedom of orientation of 
the sample with respect to the beam. Two linear translations make it possible to 
change the beam spot position on the sample surface in order to avoid radiation 
damage accumulation while keeping the analysed point at the intersection of the 
three rotation axes. All the movements are made by independent and fully computer 
controlled stepping motors. One step corresponds to 0.01 ~ for each of the rotation 
axes and the repeatability and the overall precision are both 0.01 ~ . 

4.2. Composition Determination 

The depth concentration profile of the Sil_xGe x alloys was determined by using a 
computer program able to simulate the RBS spectra of the samples. As this program 
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does not take into account any channeling effect, the sample was rotated during the 
collection of the spectra in such a way that the beam direction described a cone 
around the growth axis 1-001]. It has been shown that this, averaged over each 
angular position, results in a good approximation to a random spectrum in a crystal 
lattice [13]. 

The RBS simulation program takes a trial concentration profile as input and 
the actual profile is reached when the simulated spectrum is within the statistical 
fluctuation of the experimental spectrum. In the case of our samples, the constraint 
of the complementary atomic fractions of Ge, x, and of Si, makes x the only fitting 
parameter used to determine the composition. In fact, any change in x produces 
height changes in the Ge and in the Si signals in opposite directions allowing the 
composition to be determined. Clearly high precision is reached if the statistics of 
the signal is good enough. However, it makes no sense to increase the statistics of 
the signal in order to have the precision of the determination better than the 
accuracy. The latter has a small dependence on systematic errors associated with 
the stopping power function of the +He 4 particles in the material. The best choice 
[17, 18] of the stopping power function was dealt with in a previous work [13], 
where also the errors in the thickness determination were discussed. For this kind 
of samples the value of x can be determined with an error of about 0.3 at ~o, while 
the thickness uncertainty of films with sharp interfaces is of the order of 5 nm. The 
random spectra of the three considered samples and the simulated spectrum of one 
of them (SIGE6) are shown in Fig. 5. The simulated spectrum for SIGE6 is shown 
because in this sample the Ge concentration varied with film thickness as already 
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Fig. 5. Comparison of the random spectra of the three analysed samples. The inset shows the chemical 
profile used to calculate the simulated SIGE6 spectrum which is also included for comparison. The 
arrows mark the backscattering energy from Ge and Si at the surface 
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noted in section 3.3. The good agreement between the simulation and the experimen- 
tal spectrum was obtained taking into account the energy resolution of the detector 
and the presence of the Ge and Si isotopes with their relative abundances. 

Contrary to the case of SIGE6, the spectra of samples SIGE5 and SIGE7 were 
simulated with step functions of the chemical profile. In these two specimens the 
width of the Ge signal edges is due to the experimental resolution, indicating that 
the SiGe interface is sharper than the RBS depth resolution. 

4.3. Channelin 9 Analysis 

The analysis of the crystalline quality of the samples was performed by recording 
the RBS spectra along the 1-001] direction and along the (110) planar direction at 
5 ~ from the [001] axis. Afterwards the dechanneling fraction Z was calculated, i.e. 
the yield of the channeling spectrum with respect to the random spectrum. In Fig. 6 
the planar and axial Z function spectra of the sample SIGE5 are compared to the 
corresponding Z function 'of a Si virgin sample. The oscillations of the planar 
function of the film signal mimic those of the virgin Si, indicating that the lattice 
quality of the sample was rather good. Nevertheless, the lattice was not perfect, as 
demonstrated by the progressively higher dechanneling both in the axial and in the 
planar configurations. A similar behaviour was found for SIGE7, while SIGE6 
exhibited an almost perfect lattice structure. In this latter sample only a small 
difference from the reference curve was observed near the interface region. 

The analysis of the structure of the film by channeling was complemented by the 
determination of the lattice distortion. The method used for this analysis was based 
on a high-precision measurement of the absolute angular position of many axial 
and planar channeling minima [19]. The value of the ratio between the lattice 
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Fig. 6. Dechanneling function of the planar (110) and of the axial [001] channeling spectra of the 
sample SIGE5. The specimen surface (Si and Ge) and the SiGe/Si interface (intf) are indicated. As a 
reference, the dechanneling function of virgin Si is included 
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• 

parameter perpendicular and parallel to the interface, ~ ,  was obtained from a 
asiGe 

least squares fit of all the measured channeling minima. This procedure allowed the 
tetragonal distortion of the unit cell to be determined. The values of the tetragonal 
distortion of all the samples are reported in Table 1, together with the values of 
f(1 + ~ ) - e r .  

5. Conclusions 

The analytical techniques employed in this work (EDS, CBED, LACBED and RBS 
and ion channeling) have yielded values of the Ge concentration and lattice strain 
in the SiGe films in good mutual agreement. 

In addition, TEM observations showed that the films SIGE5 and SIGE7 had a 
different morphology, from SIGE6, due to the presence of columnar, coherent grains 
with slightly different strain. This difference was clearly seen in the channeling 
spectra. 

The measured Ge concentrations ranged from about 6 to 13 atomic % whereas 
the tetragonal strains varied from about 0.4 to 0.8 x 10 -2. From the comparison of 
Ge concentration and strain in the SiGe films, it has been possible to deduce the 
possible deviation from the perfect tetragonal distortion, i.e the strain release. This 
was small, yet detectable, both in the films SIGE5 and SIGE7 where columnar grains 
had formed and in SIGE6 which exhibited two regions of different composition. 
Thus both these features seem to be effective in inducing the small deviation from 
the perfect tetragonality, although the mechanism is not yet fully understood. 
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