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A survey will be given on recent advances in the investigation of semi-
conductor epilayers, heterostructures and superlattices using reciprocal space
mapping techniques based on triple-axis diffractometry. It is shown that
X-ray reciprocal space mapping yields quantitative information on strain,
strain relaxation, as well as composition in such structures. These data are
obtained from analyses of the isointensity contours of scattered X-ray inten-
sity around reciprocal lattice points. Further analysis of the diffuse scattering
yields also information on defect distribution in the epilayers.

PACS numbers: 61.10.—i, 68.55.—a, 61.72.Lk

1. Introduction

X-ray reciprocal space mapping has been recently established as a powerful
method for strain and structural characterization of epilayers and heterostructures
[1-4]. Tt has the advantage of being non-destructive, probing large sample area,
and yielding high precise strain and composition values. A recent development of
this method provides also a possibility to extract information on defects, such as
statistic distribution of microeflects and dislocation densities in strain relaxed het-
erostructures, from the diffuse scattering around coherent Bragg reflection peaks
in reciprocal space [5-7].

It is the purpose of this paper to demonstrate the usefulness of X-ray re-
ciprocal space mapping for the strain and structure diagnosis of hetero-epitaxial
structures. The principle of the method will be described in Sec. 2. In the experi-
mental part, we employ a variety of molecular beam epitaxy (MBE) grown SiGe/Si
(001) heterosystems as examples. It is demonstrated that by mere inspection of the
measured reciprocal lattice maps, the strain status in complex structures becomes
obvious, at least qualitatively (Sec. 3). Quantitative information can be obtained
by carefully analysing both the coherent as well as the diffuse scattered radiation
as apparent in the reciprocal space maps (Sec. 4).

(115)
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2. Reciprocal space mapping

Figure 1 shows a plane of the reciprocal lattice of a fully relaxed Ge layer on
an unstrained Si substrate. The plane of diffraction is defined by the incident and
the diffracted X-ray beams which are chosen to lie in the plane determined by the
two crystallographical {001] and [110] directions. The two small half circles (Laue
zones, radius: 1/, X being the X-ray wavelength) and the large one (radius: 2/X)
indicate the limits of accessibility for diffractometric measurements in the Bragg
(reflection) geometry. The Ewald sphere construction is shown for the Si (115) high
incidence reflection. The Bragg condition is fulfilled when the diffraction vector h
equals a reciprocal lattice vector. The diflractometer angle w is defined as that
between the incident (kinc) beam and the sample surface, and the angle 20 is
that between the incident and the diffracted (kair) beams. Three possible scan
directions, i.e., the w/20 (“a”), the w (“b”), and the 2@ (“c”) scan directions, are
depicted in Fig. 1. An ideal diffractometer (neither axial nor vertical divergence,
and assuming a perfectly monochromatic X-ray beam) collects intensity transversal
in reciprocal space (arrow “b”) along a circle with centre (000), the origin of the
reciprocal lattice, if the sample is rotated, i.e., if w is changed (w-scan direction).
If the detector is moved with the sample position being fixed (i.e., the angle 20
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Fig. 1. Schematic representation of the reciprocal lattice points of fully relaxed [001]
oriented Si (full diamonds ¢) and Ge (+) accessible by X-ray diffraction in the plane of
diffraction in reciprocal space with [110] azimuth and Cu K, radiation. Limits for the
accessibility are the maximal diffractometer angle 2@ = 160° and the Laue zones (w < 0°
and 20 > w). The Ewald sphere construction shows the incident and the diffiracted wave
vectors kinc and kqis, and the three possible scan directions in reciprocal space (“a”, “b”
and “c”). The regions where reciprocal space maps have been measured by combining
the directions “a” and “b” around (224) and (004) reciprocal lattice points are indicated
schematically. (000): origin of reciprocal lattice at 20 = 0, w = arbitrary.
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changes), intensity will be collected along the Ewald sphere (arrow “c”, 2@-scan
direction). Finally, if the detector is rotated twice as fast around the diffractometer
axis as the sample, the scan direction in reciprocal space is radial from (000) (arrow
“a”, w/2@-scan direction). Reciprocal space mapping is usually done by making
a series of w /20 scans at different w settings.

For the strain analysis, we map the regions marked in Fig. 1. Qualitatively,
strain and structural information can be obtained directly from the recorded recip-
rocal space maps. The principle which relates the relative position of the reciprocal
lattice point (RELP) of an epilayer with respect to that of the substrate in recip-
rocal space is schematically shown in Fig. 2. The Si-substrate is assumed to be
unstrained, and from the relative position of substrate and layer RELP maxima in
both symmetrical and asymmetrical maps (e.g. (004) and (224) maps, respectively)
one directly obtains the in-plane lattice constant (ap), and the lattice constant in
growth direction (an) of the layer without assumptions on elastic constants as de-
scribed in Fig. 2. The distance between a layer RELP maximum and the origin
(000) along the direction [110] is inversely proportional to the in-plane lattice con-
stant. If a Ge layer, which has a larger bulk cubic lattice constant than that of
the Si substrate, is grown pseudomorphically, i.e., tetragonally distorted (GePse"
in Fig. 2), it has the same in-plane lattice constant as the substrate. Its RELP
maximum lies underneath that of the Si substrate along the growth direction [001]
in any of the asymmetrical maps. In the other extreme, if the Ge-layer is fully
relaxed and cubic (Ge™ in Fig. 2), asymmetrical lattice planes of layer and sub-
strate are parallel to each other, and the layer RELP maximum lies underneath
that of the substrate along the direction [hkl] through the (hkl) substrate RELP
maximum as shown in Fig. 2. Obviously, a partially relaxed Ge layer gives rise
to a RELP located in between these two extreme positions of substrate and layer
RELP’s described above (bold arrows in Fig. 2).
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Fig. 2. Schematic representation of correlation between distances in reciprocal space
and lattice constants in (an) and perpendicular (ap) to [001] growth direction for the
example of a pseudomorphic (GeP**") and fully relaxed (Ge™!) Ge layer on Si. The bold
arrows describe the path of the layer RELP in reciprocal space during relaxation.
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For quantitative analyses, some critical parameters have to be defined. In
the asymmetrical (hhl) map (Fig. 2) the angle o between the bold arrow, which
describes the path of the layer RELP during relaxation, and the [001] growth
direction is given by [3, 8]:

tan(;(:}_; @)] ’ (1)
Cun

where the denominator includes the elastic stiffnesses of the layer and the angle
(w — ©) depends on the particular asymmetrical reflection [see Fig. 1, (115) reflec-
tion].

We denote the angles (w — @) and O (see Fig. 1) as £2 and A for simplicity.
These two angles fully describe the position of a RELP in reciprocal space. If two
smaller maps around the substrate and the layer RELP’s are measured separately
instead of one large map covering both RELP’s, the positions of the centres of
these maps are denoted by ws and Og for the substrate- and wy, and @y, for the
layer-map. The substrate is used as an internal standard, and the values £25 and
Ag for the unstrained substrate are known from simple geometrical considerations
and from Bragg’s law. Then the angles §2;, and Ay, defining the relative position
of the layer RELP with respect to the substrate RELP are

21, = 025 + Afs — Af2s + wy, — ws — O + Og — i,

Ay = As + AA — Ads, (2)

where A2, Af2s and AAp, AAs describe the angular distances of layer and
substrate RELP’s from the centres of the measured asymmetrical maps in the w-
and w/20-scan directions. For the strain analysis the tilt angle {2, has to be
taken into consideration [8-10]. The symmetrical and asymmetrical layer RELP’s
have to be rotated in reciprocal space by the same angle §2;j; along the w-scan
direction, so that the symmetrical layer RELP lies underneath that one of the
substrate along the growth direction.

From the angular positions of the layer peaks in the asymmetrical map, the
reciprocal lattice vector components b, and b, of the layer along and perpendicular
to the growth direction are directly obtained [3]:

b, = 2K sin(AL) cos(f21,), and by = 2K sin(Ag)sin(f2y), (3)

where K = 1/ is the absolute value of the wave vector in vacuum. For [001]
oriented growth and the asymmetrical (224) reflection the reciprocal lattice vec-
tor components depend on the in-plane lattice constant (a,) and that in growth
direction (a,) of the layer

b, =4/ay, and by = 2v2/a,. (4)
It is obvious then that the use of the (224) reflection offers about a two times
higher accuracy than the commonly used (115) reflection for the analysis of the
in-plane strains, because the angle £2 = w — @ is about twice as large for the (224)
reflection.

The situation becomes more complex, if the deviation of the composition
dependence of the lattice constant from Vegard’s law for Sii_,Ge, alloys [11] is

o = arctan [



High Resolution X-Ray Reciprocal Space Mapping 119

taken into account as has been shown in Ref. [3]. Any deviation from Vegard’s
law causes a separation between the RELP’s from a strained layer superlattice
(SLS) and an alloy layer with the same mean composition and furthermore their
relaxation lines in the reciprocal space maps are not parallel to each other [3].

In the case of graded SiGe layers [12-19], the strain analysis is complicated
since the RELP positions are different for different sublayers and the averaged
strains depend on the position z along growth direction. In order to determine
* the averaged strains in graded layers, both (004) and (224) reciprocal space maps
(RSM’s) have to be analyzed. The principle of this analysis is shown in Fig. 3.
In a first step, the diffuse intensity maximum in the (004) RSM is decomposed

Fig. 3. Sketch of distribution of the diffuse X-ray scattering from a graded SiGe buffer
in reciprocal plane. The thick black and grey curves denote the shape of the intensity
maxima before and after the tilt correction, respectlvely The circle expresses the maxi-
mum of the diffuse X-ray scattering originating in the j-th sublayer of the graded buffer,
the substrate RELP is denoted by the full square.

into a set of N thin strips parallel to the ¢,-axis. The diffusely scattered intensity
contributing to the j-th strip mainly originates from the j-th sublayer of the graded
layer. In each strip, we find the position ¢32* of the intensity maximum and this
value determines the tilt £2; of the j-th sublayer and is independent of its degree of
relaxation. In the second step, the positions of the maxima of the diffuse intensity
distribution are corrected for the tilt angles £2;, and thus the corrected maxima in
the (004) and (224) RSM’s having the same g;-coordinate correspond to the same
sublayer and then the procedure as described above is used in order to determine
the in-plane and normal lattice constants of the j-th sublayer. With the aid of the
elastic constants, the relaxed lattice constant is obtained and thus the position P
with the aid of a known Ge profile [18].

3. Multilayer structures

In this section, the power of reciprocal space mapping on the strain and
structural characterization of complex multilayer systems is shown. Only a quali-
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tative description will be given in this section. Examples of quantitative analyses
of reciprocal space maps will be given in Sec. 4.

3.1. Pseudomorphic layers

As an example, a multiquantum well (MQW) structure is investigated here.
The structure consists of 10 periods of quantum well with 4.3 monolayers (ML’s) of
Ge, followed by 21.5 ML’s of Si, followed by 4.3 ML’s of Ge, 8.8 nm of Sig g4Geg.16,
and 45.1 nm of Si (data follow from the dynamical simulation of X-ray rock-
ing curve). On top of this structure a Sig 963Geg.037 waveguide was grown ter-
minated with a Si-cap layer (10 nm). For a comparison of conventional dou-
ble crystal diffraction (DCD) data and reciprocal space mapping on pseudomor-
phic structures, we show both data in Figs. 4a and 4b, respectively. The overall
MQW-intensity is modulated by the thin Si and Ge layers. In the reciprocal space
map, which shows just a small portion of the DCD diffraction structure, the Si
substrate and the satellite peaks from the MQW structure are shown for the sym-
metric (004) and the asymmetric (224) maps. The FWHM’s of all contours of
constant intensity extrema along the w-direction correspond exactly to the exper-
imental resolution of 12 arcsec and all corresponding intensity extrema have the
same in-plane lattice constant. Thus this sequence of layers is entirely pseudomor-
phic.

Thus reciprocal space mapping yields in this case information whether a
sequence of layers is indeed grown pseudomorphically on the substrate or not. The
rocking curve analysis is needed in addition to obtain the proper layer thicknesses
from dynamical simulations.

3.2. Relazed Si/Ge structures

An example of a quite elaborate strain and composition analysis of Si/SiGe
short period superlattice sample grown on a graded buffer using a growth concept
which was suggested by Schiafller et al. [20] is shown in Figs. 5a and 5b. The sample
consists nominally of a linearly graded SiGe buffer on which a constant alloy buffer
was deposited with a Ge content lower than that of the top layer of the graded
buffer. Furthermore, a nominally 100 period Si/Sig.5Geo.5 superlattice (SL) was
deposited on top of this constant buffer. From the inset of Fig. 5a which shows the
results of the secondary ion mass spectroscopy (SIMS) analysis of this sample, it is
clear that the average Ge-content in the SL region of the sample changes abruptly, .
i.e. there are actually two SL’s grown with different mean Ge-content. In Fig. 6a
the DCD rocking curve for a (004) Bragg diffraction is shown while in Fig. 6b
the reciprocal space maps around the (004) and (224) lattice points are shown.
From the DCD data alone it is clear that a simulation without further knowledge
on the strain status of the layers is quite difficult or even impossible. The strain
and composition analysis based on the data of the reciprocal space maps reveals
that the buffer B2 grows pseudomorphically on the top layers of B1, and that
in addition the two SL’s denoted by SL and by SL’ grow pseudomorphically on
this buffer B2. On top of the entire structure there is a SiGe cap layer. From the
analysis it follows that the Ge content in the graded buffer B1 increases linearly
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Fig. 4. (a) Upper trace: (004) DCD Bragg reflection curve from a pseudomorphic short

period Si/Ge structure grown on (001) Si substrate with a SiGe waveguide structure on
top (structural details: insert). Lower trace: dynamical simulation. (b) Reciprocal space
maps of sample #B2817 around the (004) and (224) RELP’s showing main superlattice
and satellite reflection from the MQW structure, and RELP from the SiGe waveguide,
demonstrating that the entire structure is pseudomorphic. FWHM along w-direction:

12 arcsec.
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Fig. 5. (a) DCD, TAD and dynamical simulation of a Si/SiGe short period SLS grown
on a linearly graded SiGe buffer, followed by a buffer layer with constant Ge content.
Inset: results of a SIMS analysis of the change of Ge-content with depth from the sur-
face. (b) Reciprocal space maps of this structure around (004) and (224) showing the
relaxation of the linearly graded buffer B1 and the strain status of B2, and of the two
Si/SiGe superlattices SL and SL’, respectively.
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Fig. 6. (a) Measured and (b) calculated (004) reciprocal space maps of sample C1444.
(c) Measured and (d) calculated (224) reciprocal space maps of sample C1444.

from 9 to 20%, with a thickness of 1.3 um, the buffer B2 is 650 nm thick with
a Ge content of 14.5% and has an in-plane lattice constant of 5.4575 A. The
in-plane lattice constants of the two SL’s are almost the same as the one of B2
(5.4570 A), but the Ge content in the SiGe layers of SL is 48% whereas in the
second (SL') superlattice it is just 40%. In accordance with the SL periods of
46.4 A and 46.6 A determined from the angular distances of the SLO and SL-1,
and SLO’ and SL-1’ RELP’s, it follows that the layer thicknesses are 24.3 A for
the Si and 22.1 A for the Sig ¢Gep.4 layers in SL* (80 periods), and 24.3 A Siand
22.3 A Sig 52Geg.4s in SL (20 periods). The 40 nm thick cap layer has a Ge content
of 40%. The average Ge contents in the two superlattices of 23% and 19% for SL’
and SL, respectively, are in reasonable agreement with the results of the SIMS
measurement. In Fig. 6a the two experimental traces correspond to the DCD and
the triple-axis diffractometry (TAD) measurements, and it is obvious that only in
the TAD data the resolution is sufficiently high to allow for a proper comparison
with the dynamical calculations (also shown in Fig. 6a, for an in-depth discussion
see Ref. [21]), which is based on the strain data evaluated from the reciprocal space
maps. The analysis of a Si/SiGe sample like C1172 provides a crucial test for the
usefulness of reciprocal space mapping.

4. Graded buffer layers

Whenever a two-dimensional electron gas is realized with Si/ SiGe structures,
first a partially or fully relaxed SiGe alloy buffer has to be grown on the Si substrate
to provide the proper biaxial tensile strain status in the subsequent Si quantum
well layers [12, 15, 20]. Consequently, the composition and the strain status of the
SiGe alloy buffer is particularly crucial for the resulting band alignment at the
Si/Ge/Si interfaces. Reciprocal space mapping is quite suitable for providing this
structural information. As an example, graded buffers with linearly increasing Ge
contents are studied here. The two samples (C1444 and C1446) were grown by
MBE on Si (001) substrates with a Ge gradient of about 15%/pm and thicknesses
of 0.4 um (C1444) and 1 pm (C1446), respectively. The starting Ge content for
both samples is about 7%.

The measured (004) and (224) reciprocal space maps for samples C1444 and
(1446 are shown in Figs. 6a, ¢ and 7a, ¢ respectively. Based on the method de-
scribed in Fig. 3, we determine first the mean in-depth strain distribution according
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Fig. 7. (a) Measured and (b) calculated (004) reciprocal space maps of sample C1446.
(c) Measured and (d) calculated (224) reciprocal space maps of sample C1446.
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Fig. 8. Strain profile as a function of Ge content of samples C1444 and C1446. Both
strain and composition data were extracted from X-ray reciprocal space maps.

to the coherent diffraction, which determines the position of the reciprocal lattice
point of the epilayer in reciprocal space. The resulting strain data are shown in
Fig. 8 versus Ge content. It is clearly seen that for sample C1444 only the low-
ermost layer close to the substrate surface is partially strain relaxed, whereas the
rest part remains fully strained on this partially relaxed layer. Sample C1446 has
a larger thickness, therefore, the lower part close to the substrate is completely
relaxed, whereas the topmost part again remains pseudomorphic. Furthermore,
it is found that a partially relaxed interlayer exists in between of the completely
relaxed lower layer and the fully strained top layer, which is believed to be caused
by kinetic limitation of dislocation nucleation and glide processes due to the fi-
nite growth temperature employed in our experiments [18]. It is worth noting that
even if the final Ge content of both samples differs significantly, the residual strains
near the film surface are quite the same. This means that the strain conditions will
remain constant after the on-set of dislocation nucleation as long as the gradient
and growth temperature are kept constant.

Now, let us consider the diffuse scattering. In each of the measured reciprocal
space maps, the reciprocal lattice point of the epilayer is broadened along the
direction perpendicular to the diffraction vectors due to the diffuse scattering from
defects. In our case, the dominant defects are misfit dislocations. We have shown
recently that misfit dislocations cause randomly distributed strain fields in the
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epilayer [22]. These random strains lead to the diffuse scattcred intensity around
the coherent diffraction peaks. Therefore, by calculating the scattering from the
random strains distributed in the SiGe epilayers using a kinematic theory based on
considerations previously suggested by Krivoglaz [23], we reproduce theoretically
the intensity distribution in the reciprocal space maps. This analysis provides
furthermore information on the in-depth distribution of dislocations [18, 22].
The calculated reciprocal space maps for both samples are plotted besides
their experimental counterparts shown in Figs. 6 and 7, respectively (Figs. 6b, d
and Figs. 7b, d). As can be seen, the fit is quite good. The dislocation profile used to
simulate Figs. 6b and d (sample C1444) is a planar misfit dislocation distribution
at the epilayer to substrate interface, whereas the remaining part of the epilayer is
free of misfit dislocations, because only the interface layer of this sample is partially
relaxed. Its density is determined by the 7% starting Ge content and the degree
of relaxation of the interface layer. The dislocation densities used to calculate
Figs. 7b and d (sample C1446) are plotted in Fig. 9 versus the distance to the
substrate surface. It is obvious that in the completely relaxed part, dislocations are
homogeneous. Their density decreases in the partially relaxed region, and reaches

p (1007 A?

c0.50 Bt
0 0.2 0.4 0.6 0.8 1.0

t (um)

Fig. 9. In-depth distribution of misfit dislocation density of sample C1446 used for the
calculation of Fig. 7b.

zero at the fully strained top layer. We observed also that the intensity distribution
in the calculated maps for C1446 is little bit narrower than the measured one in
the fully strained region. This is due to the fact that the threading dislocation
segments are not considered in our calculation, which, however, actually exist in
the samples.

5. Conclusions

The potential of reciprocal space mapping based on triple-axis diffractometry
[21] for the analysis of the strain status in pseudomorphic, partially and fully
relaxed Si/SiGe structures has been demonstrated by several groups [1-4,9, 13, 24].
This method is also suitable for a determination of the varying degree of relaxation
and of the Ge content in graded SiGe buffer layers and thus yields the necessary
information for refined theoretical models on the strain relaxation in complex
multilayer structures. Furthermore from the analysis of the diffusely scattered
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radiation also information on the defect structure in Si/SiGe heterostructures and
superlattices can be derived [6, 24-26].
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