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Observation of Columnar Microstructure in Step-Graded Si;—,Ge, /Si Films
Using High-Resolution X-Ray Microdiffraction
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Columnar microstructure in step-graded Si;—,Ge,/Si(001) structures with low threading dislocation
densities has been determined using high angular resolution (~0.005°) x-ray microdiffraction. X-ray
rocking curves of a 3-um-thick strain-relaxed Sipg3Gey 7 film show many sharp peaks and can be simu-
lated with a model having a set of Gaussians having narrow angular widths (0.013°-0.02°) and local
ranges of tilt angles varying from 0.05° to 0.2°. These peaks correspond to individual tilted rectangular
columnar micrograins having similar (001) lattice spacings and average areas of 0.8 to 2.0 um?.
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Sij—,Ge,/Si(001) heterostructures are currently used
for high speed bipolar transistors for communications ap-
plications [1] and have potential for high speed field ef-
fect transistors (FETs) [2,3]. Electron microscopy studies
have shown that epitaxial Si;—,Ge, layers with x < 0.5 on
Si(001) relax by the introduction of 60° misfit dislocations
[2,4], with misfit segments running in perpendicular (110)
directions parallel to the wafer surface and terminating in
threading arms that run up to the wafer surface. Composi-
tionally graded Si; —, Ge, buffer layers [3] have low thread-
ing dislocation densities (typically ~10°~107 cm™~?2) and
are therefore useful for FETs.

Strain-relaxed epitaxial films such as Si;—,Ge, /Si(001)
exhibit “mosaic broadening” originating from the misfit
dislocations that relieve the strain [2]. Monochromatic
x-ray microdiffraction with beam footprints of 0.1-
10 um? have recently become available. Such measure-
ments on step-graded relaxed Si;—,Ge, films have
revealed local tilted regions having the same lattice pa-
rameter (8d/d = 5 X 10”*) and a range of tilt angles up
to ~0.25° [5]. However, the lateral dimension of the tilted
regions could be only roughly estimated (<20 wm), due to
the high divergence of the available x rays. Here we report
x-ray microdiffraction results from the same Si;—,Ge,
films using a high angular resolution (~0.005°) x-ray
microbeam, which provides the first detailed description
of the microstructure. The microstructure of these relaxed
Si;—,Ge, layers is well described by a model in which the
SiGe layer consists of rectangular columnar micrograins
having boundaries consisting of walls of dislocations,
similar to the model first proposed by Darwin to describe
mosaic structure observed in bulk crystals [6].

Two Sij—,Ge, structures grown at ~550 °C by ultra-
high vacuum chemical vapor deposition [7] were inves-
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tigated. S1 is a Si(001) substrate with a 0.5-um-thick
Sij—xGe, layer with composition step graded from x = 0
to x = 0.17, capped with a 3-um-thick Sipg3Geg 17 layer
having 97% of the lattice mismatch strain relaxed. S2 is a
Si(001) substrate with Si;—,Ge, layers as follows: 43-nm-
thick Sig95Geg o5, 43-nm-thick Sigo91Geg g9, 349-nm-thick
Sip.87Gep.13, and 257-nm-thick Sigg3Geg 7. Strain relax-
ation in S2 is negligible (~1%) [8].

Microdiffraction experiments were performed with a
high brilliance x-ray undulator source at the 2-ID-D end
station [9] of the Advanced Photon Source (APS), Ar-
gonne National Laboratory. A photon energy of 8.05 keV
(A = 1.54 A) was used and the Bragg angle (6) was about
34° for the (004) reflection of the Si;—,Ge, films and Si
substrates. High angular resolution measurements were
performed with an incident beam having a divergence of
0.0033° horizontal by 0.0008° vertical and a 2.7-um di-
ameter pinhole with a diffraction divergence of 0.004°. Mi-
crodiffraction from the Si(001) substrate gave a FWHM
of the rocking curve of 0.005° for the Si(004) reflec-
tion. X-ray rocking curves were taken as a function of
sample position using two detection schemes: (1) one-
dimensional (1D) intensity vs € rocking curves using a Nal
scintillation detector with slits set to accept (integrate over)
A(20) = 0.1° and Ay = 0.3° and (2) two-dimensional
(2D) intensity maps (frames) in the 26- y plane vs 6 using
a charge-coupled device (CCD) detector. Here 26 is the
Bragg scattering angle at the detector and y is the verti-
cal scattering angle perpendicular to the horizontal diffrac-
tion plane. The CCD detector has 1241 (horizontal) X
1152 (vertical) square pixels, 54.6 um on a side, which
corresponds to an effective resolution per pixel of ~0.003°
in 26 and y. Since the extinction depth at the Bragg
peak (~3-8 umat A = 1.54 A for Si) is greater than the
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SiGe film thickness, the full lateral areas illuminated by
the beam become ~22 wm? for sample S1 and ~12 um?
for sample S2.

Figure 1 shows 1D rocking curves for S1. Figure 1(a)
depicts an overview of the rocking curves taken at 50 dif-
ferent vertical y positions that display a complex variety of
shapes and wide range of tilt angles. The 6 spread varies
locally from ~0.03° [Fig. 1(b)] to ~0.2° [Fig. 1(c)].
All spectra show a complex fine structure on a scale of
~0.01°-0.02°. This fine structure is resolved for the
first time.

We have directly measured the microdiffraction y and
20 scattering angles of the individual “micrograins” us-
ing a 2D CCD detector. Sets of two-dimensional scatter-
ing intensity maps or picture frames (in the 26-y plane)
were taken at each 6 value (0.002° steps were used). Fig-
ure 2 shows three of the many 26-y frames and a plot of
the integrated intensity of each frame vs 6, namely, the
rocking curve. The Si(004) Bragg angle 65 is ~34°, and
measured vertical CCD angle yccp and width A yccp are
larger than the actual tilt angle ysampie and width A ygampie
by the kinematic factor 2sinfg = 1.1 [10]. The frame on
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FIG. 1. (a) Series of rocking curves for sample S1 taken in
4.0-um vertical position steps (“0-y” map). (b) Example of a
narrow rocking curve dominated by a single sharp peak. This
peak contains ~56% of the total area. (c) Example of a broad,
two-lobed rocking curve with a 6 range of ~0.2°. The two
highlighted Gaussians have an area of ~10% of the total area.
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the right in Fig. 2 shows diffraction spots from the largest
micrograin and the smaller one just to its right, both having
FWHM widths of A(26) = 0.01° and A y = 0.01°. In the
middle picture, two micrograins separated by A y = 0.05°
are seen plus a small micrograin between them, as well as
some diffuse scattering background; this indicates that 1D
rocking curves integrate over such redundancies. The pic-
ture on the left shows an unusual case where five discrete
micrograins are seen in a A y range of ~0.1° and a A(26)
range of ~0.045°, an unusually large spread in A(26). A
significant diffuse background (~20%-30%) is also seen
in this frame. We find that nearly all the scattering inten-
sity consists of narrow peaks from tilted micrograins with
a well-defined A(20) = 0.02° and Ay = 0.015°. These
2D pictures allow us to estimate the degree of degeneracy,
i.e., unobserved micrograins, in 1D rocking curves taken
with the Nal detector. When relatively intense peaks (large
micrograins) are present such as in the right frame, we gen-
erally saw little redundancy. When small micrograins are
present, e.g., in the left and center frames, a redundancy
of ~1.5 to 3 is estimated for resolved peaks in 1D rocking
curves. Also, we cannot resolve micrograins with tilt angle
differences less than our angular resolution (0.005°).
Additional insight is gained by studying S2, which has
a very low misfit dislocation density and two detectable
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FIG. 2. Integrated CCD rocking curve from sample S1 with a
0.002° @ step. The three 2D pictures at the top show scattering
intensity distributions in the 26-y plane.
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Si;—,Ge, layers. Figure 3(a) shows rocking curves for S2
at three different y positions. Because of their different
alloy compositions, the two layers have measurably dif-
ferent lattice parameters, A@5” ' = 0.108°. Thus their
rocking curves can be recorded separately by reposition-

ing the detector arm by A(20)5% ™' = 0.216° and using a
slit having an acceptance angle of A(260)34L ;e = 0.1°.

We have overlaid the rocking curves of the lower layer
L2 (Sip.g7Geo.13) and the upper layer L1 (Sips3Gep 17) by
shifting the former by the difference in macroscopic aver-
age Bragg angles of ~0.108°. The rocking curves for the
two layers show a strong resemblance in spectral shape.
Another measurement of these two layers that depicts the
similarity of their diffraction is shown in Fig. 3(b), where
the diffraction intensity at constant angle of incidence is
plotted versus horizontal sample position (2-um steps).
The intensity variation in the two scans is strikingly simi-
lar, indicating that the perturbation of the crystal lattice
by the misfit dislocations at the SiGe/Si interface extends
throughout the entire SiGe film. This result is consistent
with a recent experiment showing that the strain field of a
buried dislocation perturbs the surface of the sample [11].
These measurements suggest that the tilted micrograins ob-
served in S1 are “columnar” in nature, extending from the
misfit dislocation network underneath the Si;—,Ge, layers
through their entire thickness.

Step-graded Sij—,Ge,/Si(001) structures grown under
our conditions are known to relax by a dislocation mul-
tiplication mechanism in which pileups of 60° misfit dis-
locations extending below the Sij_,Ge,/Si interface are
formed [3,5]. Since the misfit segments lie in the two per-
pendicular (110) directions parallel to the wafer surface,
the tilted columnar micrograins that result from the dislo-
cation pileups have rectangular cross sections in the plane
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FIG. 3. (a) Rocking curves from both layers of sample S2.
The 6 “centers-of-mass” positions are shown. (b) Diffraction
intensity at constant angle 6; and 6, of incidence; 6; = 34.073°
for film L1 and 6, = 33.964° for film L2 versus horizontal
sample position z (2-um steps).
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of the wafer and low angle grain boundaries underneath
that are {111} lattice planes. We have estimated the ranges
of tilt angles and sizes of the tilted micrograins for sample
S1 using a simple model in which each micrograin is de-
scribed by a Gaussian peak with a tilt angle and fixed an-
gular width. The optimum Gaussian FWHM was found
to be 0.013° from fitting peaks as shown in Figs. 1(b)
and 1(c) and individual tilt angles and intensities (Gauss-
ian amplitudes) were determined by fitting the 1D rocking
curves. In this columnar microstructure model, the dif-
fracted intensity from a micrograin is proportional to its
illuminated volume, which we approximate as an effective
rectangular cross-sectional area extending through the film
thickness. The sum of all illuminated micrograins is taken
to be proportional to the total integrated intensity of the
rocking curve. Experimentally, we have found for 6 vs y
sets of rocking curves that the integrated total intensities of
many curves are constant to within =5%—6% (typically)
or =*18% (worst case). We have calculated the illumi-
nated areas from the beam dimensions, angle of incidence
(0), and film thickness. Knife-edge measurements were
used to determine the horizontal and vertical dimensions
of the beam and gave 3.0 X 2.5-um FWHM, with an area
at normal incidence of ~6 wm?.

The fitting procedure uses an iterative fitting algorithm
[12] and starts with a set of initial guesses and a low
number of Gaussians, typically 5 to 15 Gaussians quasi-
equidistantly spaced in 6. The fitting procedure is allowed
to freely change the Gaussian peaks’ positions and am-
plitudes while holding their FWHM constant: thus, they
correspond in our model to grains of various sizes and tilt-
ing angles but otherwise are made of identical material
(same “intrinsic” diffraction width). The number of Gaus-
sians is then increased until there is no further improve-
ment in y2. This corresponds to the minimal Gaussian set
required to describe a given rocking curve. The sizes of
the Gaussians fitted to 1D detector rocking curves were
corrected for angle redundancies using a qualitative analy-
sis of all the frames of a number of 2D CCD rocking
curves. We estimate that a moderate redundancy (~1.0
to 1.5) of micrograins in 1D Nal detector 6 scans occurs
for narrow (=0.05°) and medium (~0.05°-0.12°) width
rocking curves from large micrograins (~1.0-9.0 um?),
while a large redundancy (~2.0 to 3.0) occurs in wide
(~0.2°) rocking curves from the smaller micrograins such
as Fig. 1(c). In the latter case, the local tilt angles and
intensities of the fitted Gaussians have more uncertainty
(A67 = 0.013°).

We have fitted =100 Nal scintillation detector rocking
curves taken at many different sample positions (typi-
cally 5-um steps) representing a total sampled area of
~10* um? for sample S1 and have studied the distribu-
tions of sizes and tilt angles of the columnar micrograins.
0 vs y rocking curves were taken stepping along both
(100) and (110) directions and similar ranges of tilt angles
were observed. Using our Gaussian fitting model and
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the above redundancy correction factors, we have the
following general description of the microstructure for
sample S1. Rectangular micrograins that have tilted lattice
planes, characterized by individual rocking curves having
a FWHM of ~0.013°-0.02° and Bragg angles that vary by
=0.02°, account for typically 80%—90% of the total scat-
tering intensity with the remaining fraction being diffuse
scattering in a range of =0.06° FWHM in both 26 and y.
The most prevalent rocking curves (~50% of a total of
250) had a medium range of tilt angles (~0.05°-0.12°)
and average micrograin area of ~2 um? [13]. About 15%
of the rocking curves had a narrow range of tilt angles
(=0.05°) with an average area of 5 um? and a maximum
observed area of 14 um?. About 35% of the rocking
curves had a wide range of tilt angles (~0.12°-0.23°), an
average grain area of 0.8 wm?, and a significant number
of micrograins below 0.4 um?. Consistent with previous
x-ray microdiffraction measurements of the same samples
[5], the shapes of the rocking curves and average tilt
angles tend to correlate over distances of 10-20 um with
intermittent rapid changes in shapes and average angle.

A summary of the Si;_,Ge, layer microstructure, which
underlies a fundamental understanding of physical proper-
ties, is as follows. Defining widths as the square root of
areas, rectangular columnar micrograins are found with av-
erage widths from ~0.6 to ~3.7 um, and with the vast ma-
jority between 0.8 and 1.4 pm, are found that extend from
the misfit dislocation network near the SiGe/Si interface
up to the wafer surface. The micrograins have similar lat-
tice parameters (8d/d =~ 5 X 10™%), but their [001] axes
are tilted up to ~0.1° with respect to the [001] axes of the
Si substrate. We also find that about 10%—20% of the dif-
fracted intensity is diffuse scattering [§(26) < 0.06°, from
2D images], which may arise from nonuniform strained
material near the boundary regions between the micro-
grains. Cross-sectional transmission electron micrographs
(e.g., Figs. 12, 16, and 33 of Ref. [2]) show that the aver-
age spacing between dislocation pileups in similar relaxed
step-graded Sij—,Ge, structures is ~1 um. This strongly
suggests that the dislocation pileups form low angle {111}
grain boundaries at the base of the columnar micrograins in
step-graded Si;—Ge, /Si(001). Each 60° misfit dislocation
results in an atomic step on the wafer surface. When sig-
nificant strain relaxation occurs, the surface morphology
is characterized by a crosshatch pattern with an average
lateral dimension that corresponds to the average spacing
of the dislocation pileups, ~1 pum [14]. From near-field
scanning optical microscopy measurements, electrical ac-
tivity associated with the crosshatch surface morphology
was attributed to variations in band structure due to the
strain fields of misfit dislocations [15]. Our results suggest
such strain variations are less than ~5 X 1074,
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