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On the electronic properties of a single dislocation
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A detailed knowledge of the electronic properties of individual dislocations is necessary for next
generation nanodevices. Dislocations are fundamental crystal defects controlling the growth of
different nanostructures (nanowires) or appear during device processing. We present a method to
record electric properties of single dislocations in thin silicon layers. Results of measurements
on single screw dislocations are shown for the first time. Assuming a cross-section area of
the dislocation core of about 1nm? the current density through a single dislocation is
J=3.8x 10"* AJem? corresponding to a resistivity of p =1 x 10~® Q cm. This is about eight orders
of magnitude lower than the surrounding silicon matrix. The reason of the supermetallic behavior is
the high strain in the cores of the dissociated dislocations modifying the local band structure resulting
in high conductive carrier channels along defect cores. © 2014 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4876265]

. INTRODUCTION

Dislocations are one-dimensional crystal defects. They
influence many of the physical and mechanical properties of
crystalline solids.'> While some of them, for instance, me-
chanical properties (work hardening, etc.), are related to the
generation and interaction of large numbers of dislocations,
others, as electrical properties, are affected by only a few of
the defects. This causes that individual dislocations might
have detrimental impacts on electrical parameters of semi-
conductor devices, in particular, if scaling reduces device
dimensions below 20 nm. Here, especially 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
integrated®* having different lattice constants to the sub-
strate, which results in high local strains and may induce the
generation of dislocations. Therefore, the knowledge about
the electronic structure of individual dislocations is an im-
portant issue for next generation nanodevices.

Electronic properties of dislocations were intensively
studied for a long time wusing numerous analytical
techniques” requiring, however, high densities of disloca-
tions to attain the detection limits of the methods. The domi-
nantly applied method for dislocation generation was plastic
deformation introducing also large numbers of other defects
and defect reactions making it sometimes difficult to inter-
pret experimental data.” In order to avoid interactions
between dislocations or between dislocations and other
defects, methods are required allowing the formation and
analyses of only a few dislocations or, in the ideal case, of a
single dislocation. There are some early investigations which
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showed only the diode character of an individual edge dislo-
cation running through a whole wafer.'®'> Recent studies
have drawn a more detailed picture indicating that disloca-
tions possess some exceptional electronic and optical proper-
ties induced by their small dimensions.'*'> Possible
applications of dislocations as active components of semi-
conductor devices have been discussed.'® Note that the
cross-section area of a dislocation core is about 1nm? char-
acterizing the defects itself as native nanowires embedded in
a perfect matrix.

Here, we present a method allowing us to generate
defined numbers and types of dislocations in two-dimensional
arrangements, their separation by nanolithography, and, for
the first time, results of detailed measurements of electrical
properties of individual dislocations in combination with
structural analyses by electron microscopy. Metal-oxide-
semiconductor field-effect transistors (MOSFETSs) and diodes
have been used for measurements.

Il. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

Semiconductor wafer direct bonding under hydrophobic
surface conditions was applied to realize two-dimensional
dislocation networks.'”'® Varying the angles of rotational
and azimuthal misfit, respectively, different dislocation dis-
tances result. The type of the dislocations forming the net-
work is controlled by the crystal symmetry of the bonded
wafers. Using {100}-oriented silicon wafers, a screw dislo-
cation network with square-like meshes results from the rota-
tional misfit.

Silicon-on-insulator (SOI) wafers were applied to avoid
the effect of bulk material and possible defects therein.
Commercially available wafers were utilized having the fol-
lowing specification: Czochralski-grown silicon, diameter

© Author(s) 2014
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FIG. 1. Schema of the wafer bonding process. Two (100)-oriented SOI wafers are used (left), where the blue color characterizes the thin device layer (30 nm
thick), yellow the buried oxide, and grey the substrate wafer. Both wafers are sticked (bonded) together, so that the surfaces of both device layers are in contact
(middle). A new SOI wafer results after removing one of the original substrate wafers (right). The thickness of the device layer is now 60 nm.

150 mm, p-type, resistivity p=1-10 Q cm, (100)-orienta-
tion, buried oxide thickness (BOX) 60 nm. The initial device
layer thickness of 260 nm or 600 nm was reduced to 30 nm
by thermal oxidation. The bonding process was performed
under hydrophobic conditions in an atmospheric environ-
ment. Various twist angles between 0.01° < ¢, < 0.4°
were realized. Fig. 1 shows a schema of the process. After
bonding, a subsequent annealing at 1050 °C for 4 h in nitro-
gen result in the formation of the two-dimensional disloca-
tion network in the interface. Finally, one of the handle
wafers was removed by a combination of mechanical grind-
ing and chemical etching (spin etching) followed by chemi-
cal etching of the oxide layer. This results in new SOI wafers
having two-dimensional dislocation networks in their 60 nm
thick device layers (Figs. 2(a) and 2(b)).

SOI MOSFETs and arrays of n'pn*-diode structures
were prepared on such substrates using lithographic techni-
ques and reactive ion etching (RIE). The channel region was
defined first.

The channel direction is chosen (110)-crystal directions
which coincides with the dislocations direction in Si
(Fig. 2(c)). In order to study the effect of the dislocation
density, the channel width was varied between 1 um and
10 um. The channel length, however, was constant
(L =1 um). Source and drain contacts were formed by As™
implantation (SkeV, 1 x 10150m72) combined with a rapid
thermal annealing (RTA) step (950°C, 60 s).

For MOSFETs, a thin gate oxide of about 6 nm was
formed by thermal oxidation. The device gates were pre-
pared by low-pressure chemical vapor deposition (LP-CVD)
of polycrystalline silicon (100nm thick) followed by As™
implantation (30keV, 1x10”cm %) and a RTA step
(950°C, 60 5s). Finally, contacts were formed by Al deposi-
tion and annealing at 420 °C for 30 min in hydrogen.

Electron beam lithography (EBL) was utilized to realize
n'pn'-structures with channel widths down to 30nm.
Arrays of primary structures with W =250 ym and L =1 um
were prepared first by photolithography. After that EBL was

FIG. 2. TEM plan-view image of the
screw dislocation network in the
bonded interface (a) and the corre-
sponding cross-section image ({110}-
plane) through the SOI stack with the
dislocation network (dotted line) in the
60nm thick device layer (b). Parts of
the device layer are consumed by de-
vice processing (for instance oxida-
tion) causing that the dislocation
network is not precisely in the center
of the layer. Schema of an n'pn™
diode structure with a dislocation (red
line) in the channel (c). Devices are
fabricated parallel to (110) directions,
i.e., parallel to the dislocation line
direction.



1943083-3 Reiche et al.

J. Appl. Phys. 115, 194303 (2014)

107 T T T T T
ithout dislocations
10_4:: Y :|| ) VDS (V) wi ut ai I
i H i ——02
10°%] | i ——04
2 ool | |08
< 1074 —=— without dislocations < ] 08
0 X X . 2 1{—=—10
@, 0] —=— with dislocations -~ :
<101 V _8
1 1
10" l 1 P FIG. 3. Current-voltage (I-V) charac-
107 n ! 1 01 teristics of n"pn™ diode structures with
1,0 -6,5 0:0 0:5 1,0 1 7 (red) and without dislocations (black)
BIAS (V) V.. (V) in the channel (a). Transfer characteris-
es tics (Ipg-Vgs) of nMOSFETSs without
a) b) (b) and with dislocations in the channel
(c). Source-drain current Ipg as a
. 102 function of the number of dislocations
104 Vo, (V) | with dislocations in the channel (d). Measurem.ents at
0.2 Vps=2V and Vgs=0V. Different
81 .« 04 1074 symbols characterize measurements on
——0.6 various wafers having different dislo-
— 6 [] &
< —+—08 < cation densities.
= —=—1.0 = 101
_8 4 A )
24
10°
0 fossssese®® AN g
2 1 0 2 1 10 100
VGS v) Number of Dislocations
c) d)

used to reduce the channel width. Within an array,
n pnt-structures with 30nm <W < 1 um were realized. A
high-resolution positive electron beam resist (ZEP 520A,
ZEON Corp.) was used. All exposures were carried out in a
JBX 6300 FS electron beam lithography system (JEOL). The
real channel width of all structures was measured in a scan-
ning electron microscope after dry etching (cryoprocess at
—60 °C, SFs/O, chemistry) and resist removing.

All device measurements were carried out at room tem-
perature using an Agilent BI5S00A Semiconductor Device
Analyzer in combination with a PMS5 probe station (Suss).

The defect structure was analyzed by applying a probe
Cs corrected scanning transmission electron microscope
(FEI Titan 80-300).

lll. RESULTS AND DISCUSSION

Fig. 3(a) shows the conductance of the dislocation
layer by measuring current-voltage (/-V) curves of a
n"pn'-structure. An increase of the current / by more than
five orders of magnitude is obtained even at low
bias-conditions for devices containing dislocations compared
to a reference sample prepared on a SOI wafer with the same
device layer thickness (60 nm) but without dislocations. The
carriers transported through dislocations are electrons.
Between the two n'-contacts, an n*-n-n" transport path
through dislocations is formed resulting in a higher conduct-
ance. The current increase depends on the dislocation density
and on the type of the dislocations. Electron microscope
analyses revealed a dislocation network formed dominantly
by screw dislocations, where the dislocation distance is about
17 nm (Fig. 2(a)). An increase of the drain current /g is also
proved for nMOSFETSs containing dislocations. The increase
of the drain current depends on the existing dislocation type

and may exceed a factor of 50 if mixed dislocations are pres-
ent in the channel. For devices containing screw dislocations,
an increase of Ipg by a factor of five results for MOSFETSs
with channel lengths L and widths W of 1 um, respectively
(Figs. 3(b) and 3(c)). Assuming a dislocation distance of
17 nm, this implies that there are about 60 screw dislocations
in the MOSFET channel. Furthermore, an unexpected

a)

Al

Device Layer Oxide Spacer

Oxide Spacer
Buried Oxide (BOX)

Substrate

FIG. 4. Scanning electron microscope (SEM) image of the diode array (a)
and schema of a diode (b). The length L was fixed to 1 um, while widths of
W =1000nm, 500nm, 400nm, 300nm, 200nm, 100nm, 80nm, 60nm,
50 nm, and 30 nm were used.
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dependence of Ipg on the number of dislocations in the
MOSFET channel was proved,'*'* where the drain current
increases as the number of dislocations decreases (Fig. 3(d)).
The measurements suggest that the highest drain current
exists if only one dislocation is present in the transistor chan-
nel. One explanation could be the appearance of interactions
between neighboring defects with decreasing dislocation
spacing (or increasing number of dislocations).

In order to study the effect of individual dislocations,
arrays of n'pn'-diodes were fabricated on the wafer
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FIG. 5. Current density J (a) and corresponding resistivity (b) measured for
diodes having widths from W =1 um down to W =30nm. Resistivity as a
function of the channel width for diodes with (red) and without dislocations
(black) (c). Note the different scale. All measurements were carried out on
the same screw dislocation network.
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containing the same screw dislocation network used for
MOSFET analyses described above. Arrays of 16 diodes
with W=250 um and L =1 um were fabricated first by pho-
tolithography (Fig. 4(a)). The diodes are closely spaced in
order to avoid any inconsistency of the dislocation network.
The width of the diodes was subsequently reduced by elec-
tron beam lithography in combination with a dry etching
step down to W =30nm (Fig. 4(b)). The channel length was
constant in all cases (L =1 um). Results of measurements of
the current density J as a function of the applied bias are
shown in Fig. 5(a) for diodes having channel widths ranging
from W =1 um down to W =30nm. The data clearly proved
an increase of J with decreasing channel width, or, in other
words, with decreasing number of dislocations. Fig. 5(b)
shows the corresponding plot of the resistivity p demonstrat-
ing that p decreases by more than one order of magnitude as
W decreases from 1 um to 30 nm. The dependence of p on W
is shown in Fig. 5(c) and compared with data of a reference
sample without dislocations. There is no effect of W on the
resistivity of the reference sample which is p =2 Qcm corre-
sponding to the data of the initial SOI material. If

dislocation
B

<001> <111>

<110>

FIG. 6. Dark field image of a 30 nm structure with a single dislocation (a).
FIB technique was used for target preparation of the cross section through
the device channel. HAADF image of a part of a dissociated screw disloca-
tion (b). Adopted atom positions (c) around one partial dislocation shown in
(b), and stick-and ball model of the whole defect in a projection parallel to
{110} (d). Atoms in the core of the 30° partial dislocations marked dark
blue, while atoms in the stacking fault are plotted in light blue. Atoms of the
undisturbed Si matrix are shown in red color.
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dislocations are present in the channel, a linear decrease of p
with decreasing W is obtained which correlates to

p(Qem) = 1.228 - 10°°W —3.117 - 10°°, (1)

where W is measured in nanometers.

The number and type of dislocations in the channel of
individual diodes were analyzed by transmission electron
microscopy (TEM). Cross sections of individual channels
were fabricated by applying focused ion beam (FIB) target
preparation. Fig. 6(a) shows the TEM dark-field image of the
smallest structure with W =30nm where the diffraction con-
trast refers to the presence of an individual dislocation. More
details about the structure of the dislocation are obtained by
applying high-resolution electron microscopy and by analyz-
ing the whole dislocation network on unpatterned areas of
the wafer. Weak-beam images show that most of the screw
dislocations forming the network dissociate into Shockley
partial dislocations. The dissociation according to the
reaction

! [110] —%[121} +1[211], )

6

|

is generally known and represents a minimization of the
energy of the dislocation.”” The dissociation causes also the
generation of a stacking fault between both partial disloca-
tions. The size of the stacking fault is 6.8 nm. High-angle an-
nular dark field (HAADF) microscopy confirms the results
(Fig. 6(b)). The high resolution of this scanning transmission
electron microscope method allows comparing the image

J. Appl. Phys. 115, 194303 (2014)

FIG. 7. HAADF image of a dissociated
screw dislocation (a). A {110} cross-
section sample was used for imaging.
The resulting in-plane strain (gcy) in
{110} is tensile (ey, =10%) and con-
centrated on the partial dislocations
(b). Strain components in the main
directions (gjoo1; and &[110;) are shown
in (c¢) and (d), respectively. Lighter
colors characterize increasing tensile
strain, while dark colors are related to
increasing compressive strain. Strain
analyses were performed using PPA.

with the crystal structure (Figs. 6(c) and 6(d)). It can be
shown that the distortion of atoms inside the defect corre-
lates to models of dissociated screw dislocations obtained by
molecular dynamic simulations.’ Both partial dislocations
are oriented parallel to (110)-directions in the {111}-glide
plane. Their Burgers vectors are therefore inclined at an
angle of 30° to the line direction of the dislocations resulting
in surrounding strain fields (Fig. 7(a)). The strain fields are
quantified by peak-pairs analysis (PPA) of high-resolution
electron microscope images.”> This method extracts the
strain ¢ in the defects and the surrounding area by measure-
ment of the lattice distortion. Analyses of ¢ in different
directions clearly proved the strain fields on the partial dislo-
cations but show also that most of the strain is concentrated
on the dislocation cores (Fig. 7). Inside the defects, tensile
strain of about 10% exists, which is in accordance with
theoretical predictions®>** and measurements on other
dislocations.?

IV. CONCLUSIONS

The described measurements demonstrate that disloca-
tions form channels of higher conductance in thin silicon
layers. The increase of the conductance is primarily related to
the number of dislocations but depends also on the dislocation
type. An increase of the drain current of MOSFETs with
decreasing number of dislocations was already stated.'*'” An
increase of the current density is also observed if screw dislo-
cations are present in diode structures analyzed here. The
results show an increase of the current density if the number
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of dislocations decreases. The highest current density is
obtained if only one dislocation is present in the channel. The
experimental data shown in Fig. 5(a) are scaled to the device
dimensions. Because only the dislocation forms the conduc-
tive channel scaling to their dimensions is required. Assuming
the cross section of the defect core of 1 nm?, the current den-
sity would be J = 3.8 x 10'* A/em? for a single screw disloca-
tion. This results in a resistivity of p22 1 x 10~® Q cm, which
is eight orders of magnitude below that of the surrounding sili-
con. The resistivity of the dislocation is also significantly
smaller than for most metals' and implies a supermetallic
behavior of dislocations in silicon. The reason for the excep-
tional conductivity is the very high strain in the dislocation
core induced by atomic displacements therein. PPA analyses
revealed tensile strain of ¢ 10% close to the cores of the 30°
partial dislocations. It is generally known that strain modifies
the band structure of silicon and carrier mobility by (i) the
reduction of the carrier effective mass and (ii) by reduction of
the intervalley phonon scattering rates.”*>® For p-type mate-
rial analyzed here, the potential barrier induced by the tensile
strain generates the confinement of electrons along the dislo-
cation line.” This is combined with changes of the electron
effective masses and a reduction of the electron scattering due
to conduction valley splitting, which lowers the rate of inter-
valley phonon scattering.”**%*! The electron channel is
screened by holes in the surrounding silicon.
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