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ABSTRACT
The ability to engineer the thermal properties of materials using nanotechnology has seen a
recent series of rapid advances. Experimental probes for phonons with large wavevectors have
been largely based on inelastic x-ray and neutron scattering. The signals of inelastic scattering
techniques become impractically weak in small ensembles of nanoscale objects, which pose
severe constraints on their applications to materials with nanoscale dimensions. Advances in
high brilliance x-ray sources at synchrotron facilities have revived interest in thermal diffuse
scattering (TDS), which is an energy-integrated analog of the inelastic techniques. We
demonstrate that TDS can be extended from its widespread use in macroscopic samples to
nanoscale systems. We describe results of x-ray TDS measurements performed on suspended
silicon nanomembranes, and show that this approach allows the range of wavevectors probed in
these systems to extend far from the zone center. Edge-supported Si membranes with thicknesses
as small as a few tens of nanometers were fabricated by releasing the device layer of a siliconon-insulator structure. Experiments were conducted using a 30 m-diameter focused beam of Xrays with a photon energy of 10 keV. The scattering geometry was selected so that the TDS
signal was collected over a slice of reciprocal space corresponding to phonon momenta
extending from near the center of the Brillouin zone to the zone boundaries. The scattered X-ray
intensity distributions provide information about the populations of acoustic phonons spanning
the entire Brillouin zone in Si nanomembranes.
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I. INTRODUCTION
Inelastic X-ray and neutron scattering have long been used to probe phonon modes in
macroscopic samples (Delaire et al., 2011; Nilsson and Nelin, 1972; Saviot et al., 2008;
Schwoerer-Bohning et al., 1998). Small scattering cross sections and stringent photon-energy
resolution requirements, however, render inelastic techniques unsuitable for sample volumes
smaller than approximately 1000 μm3(Dennis and Webb, 1973; Reichert et al., 2007). Within
this inaccessible volume regime, however, the phonon dispersion of nanoscale structures is
predicted to be strongly modified by the presence of boundaries separated by length scales
comparable to the phonon wavelength (Lamb, 1917; Mindlin and Medick, 1959; Schwab et al.,
2001). The preferred techniques for nanoscale systems are Raman and Brillouin scattering (Cuffe
et al., 2012; Groenen et al., 2008; Torres et al., 2004), which are sensitive to small-wavevector
acoustic and optical phonons residing at the zone center, but possess a fundamental mismatch
with the wavelengths of the majority of phonons modes, spanning the rest of the Brillouin zone.
These large-wavevector phonons influence thermal transport in nanomaterials because longerwavelength phonons are more effectively scattered by boundaries and interfaces (Ju and
Goodson, 1997; Liu and Asheghi, 2006).

Phonon engineering at the nanoscale has been, in

some sense, limited by a lack of probes that combine sufficient momentum range to probe entire
phonon dispersion with sufficiently strong signals to study nanoscale structures. We address this
problem by demonstrating the potential to probe large-wavevector phonons in single-crystal
silicon nanomembranes using synchrotron X-ray thermal diffuse scattering (TDS). We apply this
technique to sample volumes as small as 10 μm3.
TDS is an energy-integrated analog of inelastic scattering, and is particularly sensitive to the
large density of thermally populated low energy acoustic phonons (Holt et al., 1999). Although
TDS has been previously used to map phonon dispersions and to study phase transitions, these
experiments have all been restricted to bulk systems (Colella and Batterman, 1970; Holt et al.,
2007; Holt et al., 1999; Holt et al., 2001). Holt et al. (1999) describe, for example, a procedure to
determine the phonon dispersion for bulk silicon from TDS images obtained with exposure times
of only a few seconds. The high X-ray fluxes available synchrotron light sources and the
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simultaneously small beam sizes achieved at nanoprobe facilities have created the opportunity to
use TDS as a probe of phonons in nanostructure assemblies, bridging the gap between the
capabilities of bulk techniques like neutron scattering and those of small wavevector optical
scattering probes.

Figure 1.

The intensity arising from first-order TDS at a scattering wavevector S is due to phonons with wave

vector Q, where S=G+Q and G is the reciprocal lattice vector of the nearest reciprocal lattice vector. The finite
thickness of membranes elongates Bragg reflections into rods normal to the thickness direction. In the geometry
chosen for this experiment, the detector captures intensity scattered into the first Brillouin zone around the (1 3 -1)
point in the reciprocal lattice.

In a bulk single crystal at temperature T, the first-order TDS intensity from the scattering of an
unpolarized beam by a phonon of wavevector Q is given by:

where f is the atomic scattering factor, M is the Debye-Waller factor, ωj and ej are respectively
the frequency and polarization of the jth phonon branch (Holt et al., 1999). The intensity recorded
by the detector for a reciprocal space scattering vector S is determined by phonons with
wavevector Q, where Q is the difference between S and the nearest reciprocal lattice point G, as
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shown in Fig 1. For modes with ħω << kBT, the TDS intensity scales approximately as 1/ω2.
With the absence of competing elastic scattering processes under these conditions, TDS becomes
particularly sensitive to the dispersion, ω(Q), of low-energy acoustic phonons (Holt et al., 2007;
Holt et al., 2001).
II. EXPERIMENTAL
TDS experiments on nanomembrane samples were performed in a transmission geometry at
station 26-ID-C of the Advanced Photon Source (APS) at Argonne National Laboratory (Fig. 2).
Samples were mounted normal to the incident beam in an evacuated chamber, in order to
minimize the contribution of X-ray scattering by air. A 10-keV X-ray beam was focused onto
the membrane by a capillary condenser resulting in an X-ray spot diameter of 30 μm. Unfocused
and secondary X rays from upstream sources were eliminated using a 30 μm-diameter order
sorting aperture located between the condenser and the sample. A Pb beam stop was positioned
downstream from the sample to absorb the transmitted direct beam. Lead shielding was shaped
into a truncated pyramid extending from the beryllium exit window of the evacuated chamber to
the sample. The shielding was positioned in the chamber to prevent scattering from optics and
other surfaces inside the chamber from reaching the detector.

X rays scattered by the sample

were detected using a charge-coupled device (CCD) (Mar Inc.) with a pixel size of 80 μm and a
total diameter of 165 mm. The detector subtended an angle of approximately 15. The sample
orientation was chosen to avoid exciting Bragg reflections and to capture the TDS signal from
wavevectors ranging from about 0.1(2/a), representing points near the zone center, to 2/a,
corresponding to points on the zone edges. Here a is the Si lattice parameter, 0.543 nm.
TDS intensity distributions for a series of samples were collected from the bulk Si supports as
well as from the suspended Si membranes. An additional set of background measurements,
nominally with no sample at all, were recorded by directing the incident beam through an
opening in the sample where one of the membranes was mechanically removed. These
background images allowed the sources of scattering outside the sample to be subtracted from
the sample images to obtain an accurate measurement of the TDS intensity.

Each set of

measurements consisted of repetitions of a pair of 300-s exposures that were double-correlated to
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eliminate zingers, random events from cosmic rays or from radioactive decay of isotopes within
the detector. Averaged images from a series of scans with a cumulative exposure time of
approximately 1 hour were required to resolve the weak TDS signal from phonons near the zone
boundaries. The experimentally observed TDS intensity from the membranes was compared with
calculated intensity distributions and with experimental observations of TDS from bulk Si.

Figure 2. Schematic and photograph of the experimental arrangement for these measurements at station 26-ID-C of
the Advanced Photon Source (APS). The measurement was performed in vacuum to eliminate contributions to the
measured intensity due to scattering from air.

Figure 3 shows a single detector image of TDS from a bulk region of the sample. The experiment
was designed so that the detector collected the intensity in a slice in which the closest reciprocal
lattice point was (1 3 -1). The intersection of the Ewald sphere with boundaries of the region of
reciprocal space that is closer to (1 3 -1) than to any other reciprocal lattice point are overlaid on
the detector image. Relatively high TDS intensities are observed near the zone center, because of
the large thermal occupancy of small-wavevector phonons. A diagonal streak of intensity
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extends along a direction close to [100], from near the zone center towards the X-point on the
edge of the Si Brillouin zone.

Figure 3. TDS intensity distribution from bulk silicon. The boundaries of the Brillouin zones are shown as orange
lines. The detector image spans an angular range of approximately 15° in each dimension.

Our initial TDS measurements on Si nanomembranes revealed an undesirable effect arising from
the static distortion of the lattice due to strain induced buckling of the membranes. As a result,
the process used to fabricate the membranes was redesigned to eliminate the buckling. Before
this modification, the process began with silicon-on-insulator (SOI) structures with a device
layer of submicron thickness on a buried oxide (BOX) layer, supported by a handle wafer with a
thickness of 625 m.

The device layer of the SOI was first thinned down to the desired

thickness by etching in TMAH. Using low stress silicon nitride (SiN) as an etch mask, the handle
wafer was patterned and etched in KOH, with the BOX layer serving as an etch stop. Removing
the buried oxide in 49% HF solution released square membrane windows measuring about 200
μm along the edge. This procedure produced membranes which were buckled in response to
biaxial stresses built into the device layer during the fabrication of the parent SOI structure. Such
buckling has been previously observed in nanomembranes fabricated from SOI (Torres et al.,
2004) and presents a significant technical hurdle for experiments and applications requiring
single crystal nanomembrane structures.
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We used two different modifications of the fabrication process to overcome the buckling
problem. With the first approach, we patterned long strain relief arms connecting the suspended
membrane to the rest of the sample. These narrow arms concentrated the majority of the elastic
deformation away from the central region of the membrane, reducing the extent of buckling
within it. The second approach involved the flattening of the membranes via a low-energy
intermediate structure utilizing the surface energy of the Si-water interface. In this scheme, the
selective HF etch of the BOX layer was performed so as to undercut the device layer by 30 μm,
creating a shelf on the underlying Si handle wafer. A final wetting-dewetting step in DI water
adhered the near-edge regions of the released membrane to this shelf, resulting in flat, single
crystal membranes. The second approach is described in detail in a separate publication
(Gopalakrishnan et al., Submitted).
III. RESULTS
TDS images of the Brillouin zone centered on the (1 3 -1) reciprocal lattice point were captured
from buckled membranes as well as from the flattened membranes fabricated by the two
procedures described above. Figure 4 shows a comparison of detector images from a buckled 67nm membrane, a 70-nm membrane suspended from strain relief arms, and a 44-nm membrane
fabricated by undercutting the BOX. The dominant contribution to the scattering pattern
observed with the buckled membrane [Fig. 4(A)] arises from the static strain field resulting from
the buckling. The TDS from the 70-nm strain relieved membrane [Fig 4(B)] shows significant
improvement, with TDS signals similar to those of bulk Si. Fig. 4(B) still reveals, however, some
drawbacks of the fabrication based on strain-relief arms. The low stiffness of the arms allows the
membrane to change its orientation slightly over the course of several minutes. The variation in
the orientation of the membrane causes the TDS intensity distribution to move to a series of new
positions on the detector during a long set of exposures. This is most clearly visible in the large
angular distribution of the intensity associated with the crystal truncation rod, located near the
left edge of the detector image. Furthermore, the orientation of the membrane supported by
flexible arms is different than the bulk handle wafer because of the low stiffness of the arms. As
a result, direct comparisons of bulk and membrane TDS from the sample with the strain relief
arms are difficult.
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Figure 4. TDS intensity distributions from (A) a buckled 67-nm thick membrane, (B) a strain-relieved 70-nm thick
membrane, and (C) a flat 44-nm membrane.
patterns.

Optical micrographs of each membrane are inset in the scattering

The crystal truncation rod of the membrane appears as the sharp region of high intensity near the left

edge of each image. The TDS observed with the flat membrane in (B) and (C) is overwhelmed in (A) by scattering
from the strain field of the buckled membrane. The truncation rod in (B) is spread due to sample motion during the
measurement.

TDS images were also obtained from flat membranes fabricated by the undercut etching process
[Fig 4(C)]. The intensity distribution in Fig. 4(C) reveals a minimal contribution from static
distortion of the membrane. Deviations from flatness were measured by white light
interferometry (Zygo NewView) and typically found to be less than 20 nm across a central
region spanning over 100 μm in extent. TDS images obtained from thick membranes closely
match the distribution calculated from bulk Si.
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Figure 5. Line profiles of the TDS intensity distribution from (A) a 315-nm thick membrane and (B) a 28-nm thick
membrane. The dots represent the measured intensity from the membrane. The solid lines are measurements from
the bulk regions of the same samples, scaled to match a least squares fit to the membrane TDS. The horizontal axis
is the x-component of the phonon wavevector. The detector images from which the line profiles are drawn are inset
in each plot.

Dashed lines indicate the path along which the profiles are plotted.

Deviations from bulk behavior are observed in thinner membranes. Fig 5 shows the detector
images from (A) a flat 315-nm membrane and (B) a flat 28-nm membrane, fabricated by the
undercut etch. Line profiles (dotted curve) were extracted along the dashed line, indicated in the
inset, passing through the diagonal TDS streak extending towards the Si X-point. The solid lines
are from measurements in the bulk regions of the same samples. The bulk profiles have each
been multiplied by a single scaling parameter, to best fit the membrane TDS profile. The TDS
intensities in these profiles are plotted as a function of the x-component of the phonon
wavevector. Deviations from the TDS measured in bulk Si are observed at large wavevectors in
the 28-nm membrane. Systematic deviations in this range of wavevectors for nanomembranes
with thicknesses in the tens of nm are not well explained by the scattering contribution from
native oxide or from strain in the membrane. They are consistent, however, with a softening of
phonons modes in nanomembranes by a modification of the boundary conditions from that of the
bulk. Bannov et al. (1995) present an elastic continuum model calculation for the dispersion of
vibrational modes in a free-standing quantum well. Using this calculation for unsupported Si
nanomembranes reveals that energies of the lowest modes are smaller than those of the lowest
modes in bulk Si.
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IV. CONCLUSION
Synchrotron X-ray TDS measurements allow the description of phonons in scientifically and
technologically important Si nanostructures to move beyond the low-wavevector models
commonly used for such systems. This technique will furthermore allow large-wave-vector
acoustic phonons to be probed at the nanoscale in other crystalline materials where phonons
determine phase transformations and thermal transport phenomena, and for which experimental
insight is currently available only in bulk samples (Balandin and Wang, 1998; Cahill et al.,
2003). Further advances in X-ray nanobeam techniques promise to allow TDS to become a
powerful tool for probing phonons in individual nanostructures and studying dynamics at the
nanoscale (Ice et al., 2011).
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