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S
ingle-crystal silicon membranes with
nanometer thicknesses have mechan-
ical properties that can be exploited

to produce unique structural and electronic

effects. Their mechanical compliance makes

membranes fundamentally different from

bulk materials or supported thin films.1,2 The

growth of nanostressors on ultrathin Si

membranes takes advantage of this me-

chanical compliance to create a “strain lat-

tice” consisting of very small regions of high

local strain in the membrane, the order oc-

curring because the local strain provides a

strong and precise feedback for self-

organization of the nanostressors. The

strain lattice in the Si membrane in turn pro-

duces a modulation in the electronic band

structure that extends through the thick-

ness of the membrane and thus creates an

electronic superlattice without a need for

compositional modulation, the conven-

tional method for forming electronic

heterostructures. The ability to create

straightforwardly such functional superlat-

tices in semiconductors has significant im-

plications for the development of nanoscale

photonic, electronic, and thermoelectronic

devices. The mechanism should be acces-

sible in membranes of all the semiconduc-

tor systems that exhibit strain-mediated

growth of nanostructures.

Ultrathin Si nanomembranes, created

by thinning and releasing a single-crystal Si

sheet, such as the outer Si layer (template

layer) of silicon-on-insulator (SOI), extend

the use of Si to many new applications.3�5

These Si nanomembranes can be com-

pletely free-standing or partially attached

to a substrate, and either flat or curled into

hybrid three-, two-, or one-dimensional

structures.6,7 The membranes can be pat-

terned into free-standing ribbons or wires

of any shape or orientation,6,7 limited only
by nanolithography techniques. What dis-
tinguishes any of these crystalline structures
in membrane form from thick, rigid materi-
als is that the two surfaces of the membrane
are physically close enough to each other
that what happens on one surface influ-
ences what happens on the other. In par-
ticular, processes depending on elastic in-
teractions are completely changed by
accessibility to both membrane surfaces
and the ability of the membrane to respond
by changing its shape and dimensions.

We have fabricated membranes and rib-
bons from SOI on which the Si template
layer is thinned by successive oxidation and
chemical etching to leave a Si sheet with
5�50 nm thickness on a buried layer of
SiO2. Etching away the underlying oxide
layer makes the membranes free-standing.
In the work reported here, we pattern the Si
template layer to obtain free-standing (i.e.,
accessible on all sides) nanoribbons that re-
main attached at both ends to the Si handle
wafer and buried oxide. The nanoribbons
are typically 50�250 nm wide.

See the accompanying Perspective by
Kim and Rogers on p 498.
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ABSTRACT Significant new mechanical and electronic phenomena can arise in single-crystal semiconductors

when their thickness reaches nanometer dimensions, where the two surfaces of the crystal are physically close

enough to each other that what happens at one surface influences what happens at the other. We show

experimentally that, in silicon nanomembranes, through-membrane elastic interactions cause the double-sided

ordering of epitaxially grown nanostressors that locally and periodically highly strains the membrane, leading to

a strain lattice. Because strain influences band structure, we create a periodic band gap modulation, up to 20% of

the band gap, effectively an electronic superlattice. Our calculations demonstrate that discrete minibands can

form in the potential wells of an electronic superlattice generated by Ge nanostressors on a sufficiently thin Si(001)

nanomembrane at the temperature of 77 K. We predict that it is possible to observe discrete minibands in Si

nanoribbons at room temperature if nanostressors of a different material are grown.

KEYWORDS: silicon nanomembrane · Ge quantum dots · strain
superlattice · minibands · Seebeck coefficient
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Ge or a Ge-rich SiGe alloy is deposited simulta-

neously on both sides of these free-standing nanorib-

bons using chemical vapor deposition (CVD). Because

CVD involves the vapor phase transport of precursor

molecules, deposition is possible at all locations acces-

sible to the growth gases. Pyramid-shaped strained

nanocrystals (“hut” quantum dots8 (QDs)) form on the

two ribbon surfaces via the Stranski�Krastanov growth

mode.9 Simultaneously growing nanostressor QDs on

both surfaces of an ultrathin Si membrane allows the

strain fields of QDs to interact across the thickness of

the membrane. Ordering of the QDs occurs because the

locally distorting thin ribbon provides a strong and pre-

cise feedback for self-organization of the nanostres-

sors. The important result is a periodically strained (pri-

marily via bending rather than stretching) thin single-

crystal Si ribbon. As we show below, this periodic strain

creates an electronic band gap periodicity on the

50�100 nm lateral scale, in effect a mechano-electronic

superlattice. Whereas these results are novel, to show

that they are physically interesting, we must demon-

strate two things: that the strain is high enough to in-

duce a meaningfully large change in the band gap, and

that we have a superlattice.

RESULTS AND DISCUSSION
Figure 1 shows examples of structures produced by

depositing Ge or SiGe on both sides of free-standing

but end-tethered nanoribbons with (001) surfaces

formed from ultrathin SOI(001). Growth on nanorib-

bons produces one or more lines of QDs, depending

on the width of the ribbon, on both the top and the

bottom surfaces of the ribbon. The QDs on the two sur-
faces of the ribbon assemble in a highly ordered lat-
tice, as shown schematically in Figure 1b, which is
square if two or more rows of dots form.10 The QDs on
each surface are aligned in rows along the �100� elas-
tically soft crystallographic directions of Si, but those
on one surface are offset in the �100� direction from
those on the other surface. This offset is shown in Fig-
ure 1c, an SEM image of an 8 nm high, pyramidal QD on
the top surface (left) and one on the bottom surface
(right). The size and separation of the QDs depends on
the QD composition, with both size and separation
larger if the QD is SiGe alloy, rather than pure Ge. The
alignment and offset are understood in terms of the
anisotropic elastic constants of Si10 and are indepen-
dent of the crystallographic direction in which the rib-
bon is cut.

All prior examples of QD growth and ordering to
our knowledge involve bulk rigid substrates. In these
situations, the significant local strain caused by the
nanostressor is shared between the nanostressor and
an effectively infinitely thick substrate, while for a
nanomembrane it is shared between the nanostressor
and a very thin sheet. It is physically intuitive and ex-
perimentally and theoretically shown4,11,12 that strain is
much more effectively transferred to the thin sheet. A
large local strain in the substrate can occur only when
it is thinned down to the nanometer scale, one of the
conditions we require. The strain is greater for higher
Ge concentration in the QD, and the strain transfer is
greater the thinner the Si membrane is.

Our second requirement is the order. How does
nanostressor ordering occur on a membrane? Ordered
arrays of QDs are themselves not new.13 It is known that
a high degree of order can be induced in arrays of
QDs grown on bulk substrates by controlling their
nucleation in multiple-layer growth,14,15 in a single layer
spatially confined on a nanopatterned ridge or mesa,16

or in a single layer at regions in microstructures that
have the appropriate curvature, via chemical-potential
control.17 All these results are on bulk rigid substrates.
For thin membranes, the strain field induced by a
nanostressor on one side reaches all the way through
the thin sheet. The through-membrane elastic interac-
tions cause interactive and coordinated QD ordering on
the two sides of the ribbon that is mediated by the elas-
tic constants of the material.10 The ordering rivals that
on patterned bulk material16,17 and is much better than
single-layer ordering on extended bulk surfaces.18

For nanostressor growth on a double-tethered rib-
bon, there is additionally a global response of the
ribbonOonce many QDs have formed on the ribbon,
the overall effect of the QDs is like that of a continuous
compressively strained film on both surfaces of the rib-
bon,11 and the ribbon must get longer. The behavior is
the same as in the strained-nanomembrane sandwiches
described elsewhere,4 except that here the ribbon is

Figure 1. Nanostressors on Si nanoribbons. (a) Scanning
electron micrograph of rows of pure Ge QDs on �20 nm
thick, �80 nm wide Si(001) nanoribbons cut along [110] and
tethered on both ends. The order is evident. The dots on
each surface are separated by �150 nm. (b) Schematic dia-
gram of dot ordering on the two surfaces of the ribbon. (c)
Relationship between nucleation on top and bottom of a rib-
bon; 8 nm high, 80 nm base width Ge QDs, on top (left) and
on the bottom (right). The Si ribbon is sufficiently thin so
that a scanning electron microscope images both sides si-
multaneously. When the electron beam is incident on the
sample at a large angle with respect to the surface normal,
the geometric projection of Ge QDs on the top (at left) and
bottom (at right) of a Si membrane is different and the two
types of QDs can be distinguished. (d) SEM micrograph of a
set of nanoribbons showing global bending.
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constrained and thus must bow, randomly “up”
or “down” (Figure 1d). Experimental details of the
nanostressor ordering on thin membranes will
be presented elsewhere.18

The electronic properties (band structure,
transport) of semiconductors are significantly in-
fluenced by strain. As just discussed, the mem-
brane geometry, via its thinness and high me-
chanical compliance, allows the transfer of a high
degree of strain,4 and hence electronic effects in
Si associated with lattice strain19 from a given
stressor will be much more evident in thin single-
crystal ribbons or membranes than in bulk sub-
strates, where they are effectively negligible.
Translated to arrays of nanostressors on ribbons,
it means we create a periodic strain field in Si that
is high enough to cause significant local band
gap variations, something that cannot occur in
bulk substrates and is unique to very thin
substrates.

Lattice strain alters the valence and conduc-
tion bands of Si by shifting them in energy, dis-
torting them, and removing degeneracy.20 For
Si(001), the six degenerate conduction band
minima along the �100� axes split into two
groups when applying biaxial strain. For biaxial
tensile strain, the energy of the two �2 valleys (perpen-
dicular to the (001) plane) is lowered, while that of the
four equivalent in-plane �4 valleys is raised. Compres-
sive strain reverses the directions of splitting of �4 and
�2.21 The valence band also shifts with strain, to a lesser
degree. The net effect of strain, either compressive or
tensile, is to reduce the band gap. A tensile in-plane
strain on the order of �1% is readily achievable locally
(on the scale of 100 nm) in a Si nanoribbon.

Figure 2a shows the strain dependence of the Si
band gap.22 Using these results, we calculate the peri-
odic change in the Si band gap in the electronic super-
lattice as a function of position by introducing realistic
values of the local strain. We model the local strain with
a 2D finite-element analysis of the elastic deformation
and elastic energy resulting from two opposite-side
QDs in one dimension (Figure 2b) corresponding to
the ribbon geometry with one line of dots on each side
(Figure 1b) (see Supporting Information).

The strain leads to a significant depression in the
band gap of the Si nanoribbon under each QD. The
magnitude and period of the band gap minima are in-
fluenced by the thickness and crystallographic orienta-
tion of the nanoribbon and both the size and composi-
tion of the nanostressor. Our calculations, based on
the experimental results shown in Figure 1, predict that
the maximum tensile strain beneath a pure-Ge “hut”
QD with a height of 8 nm and a base width of 80 nm,
epitaxially grown on a Si membrane, is 1.62% for a 25
nm thick ribbon and 1.89% for a 10 nm thick ribbon.
The resulting reduction of the band gap can be up to

250 meV (Figure 2a), more than 20% of the bulk value
of the band gap for the thinnest ribbons.

It is possible to confirm this band gap modulation
experimentally, at least qualitatively. In separate stud-
ies on defect-free, flat, uniformly strained Si nanomem-
branes, we have quantitatively determined the shift of
several features in the conduction band structure of Si
with increasing tensile strain, using X-ray absorption
spectroscopy with secondary electron yield detection.
We use �100 eV transitions from the 2p levels to the
conduction band of Si. The limited mean free path of
100 eV or lower-energy electrons assures thin-sheet
sensitivity, and tuning to the Si 2p line assures selectiv-
ity to Si. The use of synchrotron radiation and a high-
resolution monochromator gives 10 meV resolution.
Figure 3a shows schematically the shifting of the con-
duction bands.19 The total “downward” shift of the con-
duction band minimum (�2 valleys) at 1% strain is mea-
sured to be �200 meV. 19 This measurement
determines only the shift of the conduction band edge:
The top of the valence band (� point) also moves very
slightly with strain. The band gap lowering is a combi-
nation of these two shifts. Calculated values of the band
gap lowering as a function of position are shown in Fig-
ure 2c.

The spatial resolution of XAS in the above form is
poor, and thus unsuitable for exploring the spatial varia-
tion in band gap. However, by combining photoelec-
tron emission microscopy (PEEM) as the detection tool
with high-resolution XAS, one can produce the same
energy resolution with an improved spatial resolution

Figure 2. Effect of strain on local band structure of a Si membrane. (a) First-
principles calculations of the variation in the Si band gap with biaxial in-plane
strain; �4 and �2 are the originally degenerate conduction band valleys in Si, and
� is the valence band maximum. The gap decreases for both tensile (positive val-
ues) and compressive strain (after ref 22). (b) Finite-element analysis of the in-
plane component of the strain in a one-dimensional membrane with a QD lat-
tice described by lattice constant L � 160 nm and separation d � L/2, matching
the measured density of QDs. The calculated strain profiles are shown for both 25
and 10 nm thick membranes. (c) Mapping of the local band gap modulation
due to the strain field induced by Ge QDs on both the 25 and 10 nm thick mem-
branes. The band gap ranges from slightly less than the bulk band gap of 1.12 eV
in the center of the membrane to approximately 0.95 eV in the region of maxi-
mum strain beneath the QDs for the 25 nm thick membrane. The maximum strain
beneath a QD on the 10 nm membrane is greater than for the thicker mem-
brane, and therefore the local modification of the band structure is also
increased.
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of �50 nm (but with higher noise) (see Supporting In-
formation). We grew SiGe QDs with a lower Ge concen-
tration, so that the stressor QDs are farther apart. Natu-
rally the resulting strain is also lower, so that the
variations in band gap are expected to be smaller. Fig-
ure 3b shows a PEEM image of part of a single Si nano-
ribbon on which SiGe QDs are grown. Figure 3c shows
the energy of the onset of the XAS 2p-to-� transition as
a function of lateral position along the arrow in Figure
3b. The onset of the transition varies by �100 meV, with
a lateral periodicity of �350 nm. Figure 3d shows a
SEM image of a section of ribbon with SiGe QDs with
approximately this periodicity.

We have therefore demonstrated a band gap modu-
lation along the ribbon created by a periodic strain in-
duced by self-organized nanostressor QDs growing on
both sides of the ribbon. This modulation is similar to a
1D heterostructure23 with essentially all the band off-
set occurring in the conduction band.22 The authors of
ref 23 calculate the 1D band structure of a superlattice
nanowire using a square-well Kronig�Penney model.
They demonstrate that the band offset not only pro-
vides some amount of quantum confinement but also
creates a periodic potential for carriers moving along
the wire axis, which may result in a sharper density of
electronic states than is present in a normal 1D system,
that is, the formation of minibands. In the superlattice
nanowire structure, the electronic transport along the
wire is by tunneling between adjacent wells. Their re-
sults also indicate that the electron band structure is
strongly dependent on the period length of the super-

lattice nanowire (L), the potential bar-
rier heights (V0), and the transport effec-
tive mass (me).

A square-well Kronig�Penney
model is not realistic for our situation.
We have a strain gradient along and
through the ribbon. For simplicity, we
use a flat-top sinusoidal-like potential
shape (Figure 4) in our 1D band struc-
ture calculation. We solve the variable-
effective-mass Schrödinger equation to
obtain the miniband structure in a 1D
periodic potential with this potential
shape (see Supporting Information).
The in-plane electron effective mass is
only slightly influenced by strain,22 and
therefore, this factor can be neglected.
Increasing the depth of the wells or
making them narrower aids in the for-
mation of discrete minibands.

Figure 5 shows our calculated den-
sity of states and total number of states
for a 1D strain superlattice. When LA �

LB � 80 nm and V0 � 250 meV, corre-
sponding to a pure-Ge QD with a height
of 8 nm and a base width of 80 nm

grown on a 10 nm thick Si ribbon (Figure 2c), many
minibands with very small separations (i.e., minigaps)
form within the well, as shown in Figure 5a. We noted
that minibands also form above the potential well but
are associated with much lower densities of states. The
widths of minigaps range from 2 up to 8 meV (Figure
5b), which is much smaller than the thermal energy kBT
at 300 K (�26 meV). These minibands can be essen-
tially considered as continuous states at room tempera-
ture (in the classical limit). The Ge/Si nanoribbon struc-
ture has to be cooled to below 77 K to minimize the
thermal smearing sufficiently to make discrete mini-
bands observable. On the other hand, if the smallest
previously observed Ge QD, having a height of 3 nm
and a base of 30 nm, is grown on the same thickness
Si ribbon, fewer minibands but with larger minigaps
form in a shallower potential well (V0 � 200 meV), as
shown in Figure 5c. The width of the minigaps (Figure
5d) is about 3-fold larger than that for the conditions
represented by Figure 5b. Although this structure still
needs to be cooled to observe discrete minibands in the
potential well, they would be observable at 77 K. Mak-
ing the potential wells narrower leads to formation of
fewer discrete minibands with larger minigaps. There-
fore, each miniband has a higher density of states with
less sensitivity to thermal smearing.

Our ultimate goal is to observe discrete minibands
in the potential well of the 1D strain superlattice at
room temperature because thermoelectric effective-
ness of nanowires should be improved.23 We can, of
course, increase the minigaps further by thinning the

Figure 3. Measurements of the effect of strain on band structure using XAS and PEEM. (a)
Schematic diagram of measured results of the shifting of the conduction bands with strain,
after ref 19. (b) PEEM image of part of a single Si nanoribbon on which SiGe QDs are grown.
(c) Energy of the onset of the XAS 2p-to-� transition as a function of lateral position along
the arrow in (b). Onset of the transition varies by �100 meV, with a lateral periodicity of
�350 nm. (d) SEM image of a section of ribbon with SiGe QDs with approximately this
periodicity.
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Si ribbon down to 5 nm (experimentally achievable). A
higher strain (1.89%) would be created in Si by the same
size of Ge QD, resulting in a deeper potential well (250
meV), leading to an averaged minigap of 15 meV (not
shown here). However, such improvements with Ge
QDs grown on Si ribbons still cannot make discrete
minibands observable at room temperature, no matter
how thin the ribbon is.

Strain lattice induced minibands on Si nanorib-
bons may, however, be accomplished with the use
of other nanostressors. For example, it is known that
InAs forms nanostressor QDs on Si with a much
higher strain (11.5%).24,25 Our calculations predict
that the maximum tensile strain beneath a pure-
InAs pyramidal QD with a height of 6 nm and a base
width of 11 nm,25 pseudomorphically grown on a Si
membrane, is 1.47% for a 25
nm thick ribbon and 2.68% for
a 10 nm thick ribbon. The re-
sulting depression of the band
gap is predicted to be up to 350
meV, more than 30% of the
bulk value of the band gap for
the thinnest ribbons.

Figure 6 shows the calculated
density of states and total num-
ber of states for a 1D Si strain su-
perlattice created by InAs QDs.
We find that well-separated mini-
bands form in the potential well
already for a 25 nm thick mem-
brane (potential well depth 200
meV) (Figure 6a), with minigaps
ranging from 15 to 85 meV (Fig-
ure 6b). In comparison with the
Ge QDs grown on Si (Figure 5),
the strain from InAs QDs grown
on Si creates significantly fewer
minibands along with much
larger minigaps. Most impor-
tantly, Figure 6b shows that only
the first minigap is smaller than
the thermal energy of �26 meV
at 300 K. It should therefore be

possible to observe discrete minibands in the potential

near room temperature. Moreover, we can make the

potential well deeper (350 meV) by using a 10 nm Si rib-

bon. The magnitude of minigaps becomes even larger

(Figure 6d) as the number of minibands is kept the

same (Figure 6c). The first minigap (20 meV) is now

comparable to the thermal energy at 300 K, while the

rest of the minigaps are almost 100 meV (much larger

than 26 meV). It is very important to increase the gaps

between the first few minibands, which are associated

with very sharp densities of states and are closer to the

bottom of the conduction band. It has been shown

that the Seebeck coefficient extrema of superlattice

nanowires have substantially larger magnitudes if the

Fermi energy is near the first few minigaps.23 We can

therefore expect that the Seebeck coefficient of strain-

induced electronic superlattices will increase as well,

making these types of superlattices promising for ther-

moelectric applications near room temperature.

In our predictions above, we assume that InAs QDs

epitaxially grown on the Si nanoribbon are dislocation

free. It is known that, when InAs QDs are epitaxially

grown on bulk Si,24,25 dislocations form at the interface

to relax partially the large misfit strain between InAs

and Si. As mentioned above, we have demonstrated

theoretically4,11 that strain in Ge QDs is much more ef-

fectively transferred to a Si membrane than it is to thick

bulk Si. This generic model can be applied to InAs QDs

grown Si membrane, as well. The way the strain in the

Figure 4. Schematic diagrams of a 1D strain lattice and cor-
responding periodic-potential shapes, a square well versus a
flat-top sinusoidal-like well. The latter is used in the calcula-
tions.

Figure 5. Calculated total number of states (thick red line) and the density of states (thin blue
line) for Ge QDs on Si. The reference energy level is the bottom of the quantum well. (a) For poten-
tial amplitude V0 � 250 meV, period length LA � LB � 80 nm, corresponding to �1.89% strain in
10 nm Si. (b) Minigap width as a function of the energy in the middle of the minigap for the struc-
ture in (a). (c) For potential amplitude V0 � 200 meV, period length LA � LB � 30 nm, correspond-
ing to �1.53% strain in 10 nm Si. (d) Same as in (b), but for the structure in (c).
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InAs QD changes with Si thickness is similar to what oc-

curs in the Ge QD, except for a different magnitude of

change. The strain values we use in the InAs calculation

are values that are sustainable without dislocation for-

mation. These results will be presented elsewhere.26

CONCLUSIONS
In summary, we have demonstrated a way to cre-

ate electronic superlattices in Si nanoribbons using lo-

cal, ordered epitaxial nanostressors. The local strain can

be made large enough, by using ribbon thicknesses as

low as 10 nm and growing
nanostressors that produce
a high strain, to create band
offsets in Si sufficiently large
for miniband formation. Un-
der some circumstances, the
minigaps may be large
enough to observe the mini-
bands at room tempera-
ture. The fabrication is eas-
ily scalable. Using Si
nanomembranes, many
identical nanowire or nano-
ribbon structures with well-
defined dimensions can be
rapidly created and electri-
cally connected using stan-
dard Si processing. Using
CVD, growth of QDs on both
sides of a nanoribbon oc-
curs; the self-ordering oc-
curs via through-membrane
elastic interactions.

Electronic superlattices
with wells that can result in
very sharp densities of
states due to the formation
of minibands may enhance
the Seebeck coefficient,

leading to improvements in the thermoelectric figures
of merit, if band offsets can be made sufficiently
large.23,27 Combined with recent results demonstrating
the effect of Si nanowire size and roughness on improv-
ing the thermoelectric figure of merit,28,29 the introduc-
tion of a simple way to modulate the band offsets may
be a significant step toward achieving viable near-
room-temperature Si thermoelectric nanomaterials.
These electronic superlattices may also have unique
electron transport properties that may find future de-
vice applications.

METHODS

Fabrication of Si Nanomembranes and Nanoribborns. The silicon
membranes are fabricated from a SOI wafer that initially has a
200 nm thick Si template layer bonded to a 3 �m thick oxide.
Two cycles of thermal oxidation and etching in a 6:1 buffered ox-
ide etching solution remove 90 nm of Si per cycle and leave a
Si template layer approximately 25 nm thick. Thinner templates
are formed by alternating chemical oxidation in a modified SC1
solution and etching in hydrofluoric acid (HF), removing 2 nm of
Si per cycle.30 The thickness of the template layer is determined
with high-resolution X-ray diffraction (XRD) and optical-
reflectivity measurements. Electron beam lithography is used to
define nanoribbons. By patterning a polymethylmethacrylate re-
sist and then removing the Si template layer in selected areas
with reactive ion etching, the exposed underlying SiO2 can be se-
lectively etched, releasing a Si nanomembrane or a set of
nanoribbons.

Growth of Nanostressors. Chemical cleaning prior to chemical va-
por deposition (CVD) includes an extended immersion in HF as
a final step. The HF exposure removes the sacrificial oxide layer
beneath the defined nanoribbons, leaving them free-standing
and hydrogen-terminated on both sides. Ge or SiGe QDs are
grown by CVD after removal of the H in ultrahigh vacuum.

Instruments and Characterization. XRD measurements were per-
formed on a PANalytical X’Pert PRO diffractometer with high-
resolution setup for epitaxial layers (absolute angular resolution
� 0.0001 degrees). The electron beam lithography and SEM im-
ages were carried out with a LEO DSM 1530 field emission scan-
ning electron microscope. XAS/PEEM measurements were per-
formed at the University of Wisconsin Synchrotron Radiation
Center.
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