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Impact of Defect-Induced Strain on Device Properties
By Manfred Reiche,* Martin Kittler, Eckhard Pippel, Hartmut Uebensee, Hans Kosina,
Alexander Grill, Zlatan Stanojevic and Oskar Baumgartner

A signiﬁcant increase of the drain current appears if deﬁned arrangements of dislocations are present in
the channel of MOSFETs. Furthermore, analyses of the electronic properties of individual defects refer
to a supermetallic behavior of dislocations. The reason is the extremely high strain in the dislocation
core exceeding values of e ﬃ 0.1. Such high strain causes substantial changes of the band structure and
means that dislocations represent quantum wires. Quantum mechanical device simulations based on
this conclusion demonstrated the transport of carriers on dislocations. The effect of gate voltage and
strain in the dislocation core was analyzed in detail.

Crystal defects might have detrimental impacts on electrical
parameters of semiconductor devices. Therefore, numerous
comprehensive strategies were developed to avoid growthand process-induced defects such as point defects, dislocations, grain boundaries, and precipitates.[1,2] Further, scaling
combined with novel processing techniques, however, introduce new crystal defect phenomena[3,4] An individual defect,
for instance, may already cause device failures by decreasing
feature size below 20 nm. Furthermore, the integration of
dissimilar materials into speciﬁc device regions is a main
reason for defect generation. For instance, high mobility
channel materials, as Ge, SiGe, or III–V compounds, are of
growing interest[5,6] having different lattice constants to the
substrate resulting in high local strains and may induce the
generation of dislocations. Therefore, the knowledge about
the electronic structure of individual defects is an important
issue for next generation nanodevices.
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The present paper deals with investigations of the
electronic structure of dislocations in silicon. Dislocations
represent one-dimensional crystal defects. It is demonstrated
that deﬁned arrangements of dislocations exhibit numerous
exceptional electronic properties characterizing these defects
as nanowires embedded in a perfect crystalline matrix. The
modiﬁed electronic properties are due to the very high strain
inside the defect core resulting locally in strong modiﬁcations
of the band structure.
The technique to realize deﬁned two-dimensional arrays
of dislocations in thin layers (semiconductor wafer direct
bonding) was described elsewhere.[7,8] Silicon-on-insulator
(SOI) wafers (diameter 150 mm, buried oxide (BOX) thickness 60 nm, device layer thickness 30 nm) were used for the
wafer bonding process under hydrophobic conditions. One
of the handle wafers was removed after bonding resulting in
a new SOI wafer having a device layer thickness of 60 nm and
a two-dimensional dislocation network in the middle. SOI
MOSFETs and pn-diodes were prepared on such substrates
(for details see ref.[8]). Electrical measurements of device
parameters were carried out in the temperature range from
300 to 0.3 K. The defect structure was analyzed by applying a
probe Cs corrected scanning transmission electron microscope (FEI Titan 80-300). Local strain ﬁelds are quantiﬁed by
peak-pairs analysis (PPA) of high-resolution electron microscope images. Details of the measurements are described
elsewhere.[7]
All simulations of the band structure and device simulations
were performed using the GTS Framework simulation
package,[9] enabling classical and quantum mechanical device
simulations. For dislocations, the VSP tool within the simulation
package was used representing a general-purpose device
simulator for arbitrary nanostructures operating on the
Schrödinger-Poisson equation system.[10]
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Well-deﬁned sets of parallel dislocations, in the channel of
metal-oxide semiconductor ﬁeld-effect transistors (MOSFETs)
result in a signiﬁcant increase of the drain current (ID).
Figure 1 shows the transfer characteristics of nMOSFETs
without and with dislocations in the channel. Devices without
dislocations (reference) were prepared on identic SOI wafer
without a dislocation network, in the 60 nm thick device layer
and under the same process conditions. At a gate voltage
VG ¼ 0.8 V and drain voltage VD ¼ 0.4 V, the drain current is
about 40 mA for MOSFETs containing dislocations in the
channel, while in the same time ID is only 0.6 mA for a
reference device. This corresponds to a current increase by a
factor of 67. The increase of ID depends on the type and
number of dislocations in the channel. The increase in the
drain current for nMOSFETs results from an increased
electron transport along dislocations. On the other hand, an
increase in ID exists also for pMOSFETs, where holes are
involved in the carrier transport along dislocations.[11] This
means that depending on the properties of the surrounding
material (p- or n-type) dislocations transport either electrons
or holes.
Besides, ID also the threshold voltage (VT) and the subthreshold swing of the MOSFETs dependent on the dislocation density.[12] Increasing, for instance, the number of
dislocations by a factor of 10 results in a decrease of VT from
about 400 down to 150 mV. An explanation could be the
dependence of VT and the sub-threshold voltage shift (DVT) on
the effective channel length for MOSFETs.[13] Decreasing the
effective channel length results in an increase of DVT. If
dislocations are present in the channel, the effective channel
length is deﬁned by the number of dislocations as the effective
transport channels. Therefore, reducing the number of
dislocations in the channel results in an increase of VT and
DVT. On the other hand, the sub-threshold slope increases as
the dislocation density increases. An analogous increase of the
sub-threshold swing is generally interpreted as a thickness
effect of the device layer for short channel SOI-MOSFETs and
is caused by an inhomogeneous electron concentration in the
layer.[14]
Measurements on individual defects (screw dislocations)
proved a supermetallic behavior of dislocations caused by
high strain levels inside dislocation cores.[7] The strain is

uniaxial tensile along the dislocation line, that is, along
<110>, and reaches about 10%, or more (e  þ0.1), which is
much higher than the strain level induced by strained layers
or other process-induced stressors. Calculations of the band
structure result in quite signiﬁcant alterations by such high
strain levels.[11,15] A strain of e  þ0.1 causes shifts of the
conduction and valence bands inducing smaller gaps but in
different ways for tensile or compressive strain. Because of the
small dimensions of the defects (diameter in the order of one
nanometer, lengths up to a few micrometers), the band shifts
make dislocations act as quantum wires. This interpretation
was also conﬁrmed by low-temperature investigations
indicating the existence of an electron gas on dislocations.
The existence of Shubnikov-de Haas oscillations refers to a
two-dimensional electron gas for dislocation networks
consisting of one-dimensional electron gases on individual
dislocations. Furthermore, also single-electron transitions
were obtained.[15,16]
Quantum mechanical device simulations proved the effect
of strain-induced bandgap narrowing on the carrier transport
along dislocations and the resulting interpretation of
dislocations as quantum wires. Figure 2a shows schematically
the model of an nMOSFET used for simulations. Without a
dislocation in the center, the highest electron concentration
exists close to the gate (Figure 2b). The silicon matrix (bulk)
was assumed as p-type material with an acceptor concentration of 1  1015 cm3. Adding a dislocation into the center, the
highest electron concentration appears at the defect
(Figure 2c). The dislocation was assumed for the present
simulation as n-type silicon having an electron (donor)
concentration of 1  1018 cm3. A uniaxial tensile strain of
e ¼ þ0.1 (corresponding to a stress of s ¼ 16 GPa) in the
dislocation was supposed. The conﬁnement of carriers
(electrons) on the dislocation is attributed to the straininduced quantum wire formation. The electron concentration
at the dislocation reaches nel ¼ 3.5  1019 cm3 at VG ¼ 0.7 V
and is, therefore, 35 times larger than the initial electron
concentration assumed as 1  1018 cm3 for the dislocation
(Figure 2d). For the reference sample without a dislocation,
the maximum electron concentration is observed close to the
gate electrode. Similar values of nel have been also obtained
close to the gate for devices with dislocations, but they are
signiﬁcantly smaller than nel at the dislocation. Figure 3a summarizes the effect of
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Fig 1. Transfer characteristics (ID-VG) of nMOSFETs without (a) and with dislocations in the channel (b). The
gate voltage VG is represented as difference VG-VTh with VTh as threshold voltage. Note the different scale.
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Fig 3. Calculated electron densities nel for devices with and without a dislocation in the channel. Dependence of the electron density on VG for a MOSFET with a dislocation in the
center (dislocation diameter 5 nm, initial electron concentration N ¼ 1018 cm3, strain e ¼ 0.1) in comparison to devices without a dislocation (a). Dependence of nel on the uniaxial
tensile strain in the dislocation core at different gate voltages (b). The stress s is plotted instead of strain for clearness.
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Figure 3b as stress s ¼ Ee with E as Young’s
modulus (E ﬃ 160 GPa for uniaxial strain in
<110>-direction[17]). The increase of nel is a
result of the increasing depth of the quantum
well with increasing strain. This causes an
increasing number of energy levels inside
the well.
An initial electron concentration in the
dislocation core of N ¼ 1  1018 cm3 was
assumed for all simulations. The reason for
this value was a result of previously reported
classical device simulations.[18] Here, the
experimentally measured transfer characteristics were modeled with the electron concentration in the dislocation as ﬁtting
parameter. Quantum mechanical simulations, however, proved that the initial
electron concentration is negligible. There
are only small differences in nel, if N is varied
by more than two orders of magnitude (from
1  1016 to 1  1018 cm3). This suggests that
the enhanced carrier transport along dislocations is primarily not caused by an
Fig 2. Model of a nMOSFET having a dislocation in the center (a). The dislocation (red, diameter 5 nm) is
initially high electron concentration. Instead,
embedded in an unstrained silicon matrix (blue, diameter 20 nm) and surrounded by a thin gate oxide (yellow,
1 nm thick) and a gate electrode (brown). The source/drain contact on the dislocation is drawn in black. Crossthe formation of the electron gas on dissections to the MOSFET showing the electron concentration at VG ¼ 0.7 V for a device without a dislocation (b)
locations is important. This results in the
and with a dislocation in the center (c). The radial electron concentration is plotted in (d) for a device without
(open symbols) and with a dislocation in the center (full symbols).
conﬁnement of carriers and high carrier
mobility. The impact of carrier mobility is
the subject of further studies.
core representing the quantum wire. Increasing the diameter
In summary, it is shown that a signiﬁcant increase of the
up to about 5 nm causes a signiﬁcant increase of nel. A further
drain current exists if deﬁned arrangements of dislocations
increase of the diameter yields that quantization effects will be
are present in the channel of MOSFETs. Analyses of individual
more and more negligible and nel is nearly constant. The
defects refer to a supermetallic behavior of dislocations. The
strong increase even at low values of VG refers to the shifts of
reason is the extremely high strain in the dislocation core
the band structure and, therefore, with the number of energy
exceeding values of e ﬃ þ0.1. Such high strain causes
levels inside the quantum wire.
substantial changes of the band structure and means that
The dominant effect of uniaxial strain in the dislocation
dislocations represent quantum wires. Quantum mechanical
core, shows Figure 3b. The electron concentration increases
device simulations based on this conclusion, demonstrated
continuously with increasing strain, which is plotted in
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the transport of carriers on dislocations. The effect of gate
voltage and strain in the dislocation core was analyzed in
detail.
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