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Extending the detection limit of dopants for focused ion beam prepared
semiconductor specimens examined by off-axis electron holography
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Rafal E. Dunin-Borkowski2
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2Centre for Electron Nanoscopy, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark
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Silicon specimens containing p-n junctions have been prepared for examination by off-axis electron
holography using focused ion beam �FIB� milling. FIB milling modifies the surfaces of the
specimens due to gallium implantation and the creation of defects which has the effect of reducing
the active dopant concentration measured during electrical characterization. Here we show that
although this damage can be removed by using low temperature annealing, the presence of surface
charge will modify the electrical potentials in the specimens and limit the dopant concentration that
can be measured. © 2009 American Institute of Physics. �doi:10.1063/1.3195088�

I. INTRODUCTION

The nanoscale dimensions of state-of-the-art semicon-
ductor devices have placed increasing demands on the tech-
niques that are required to provide maps of the dopants in
these devices.1 Currently, techniques that are under develop-
ment for dopant profiling include off-axis electron
holography,2 scanning electron microscopy �SEM�,3 scan-
ning spreading resistance microscopy �SSRM�,4 and scan-
ning capacitance microscopy �SCM�.5 The key to success for
all of these techniques is specimen preparation using a
method that can find the region of interest in nanometer-scale
devices. Currently, focused ion beam �FIB� milling is the
only technique that has the required site specificity and the
success rate which is required to prepare these specimens for
characterization. FIB milling typically uses 30 kV Ga ions to
extract the region of interest from a wafer, and in the case for
observations using transmission electron microscopy �TEM�
to then thin the specimen to electron transparency. Silicon
specimens prepared using a FIB operated at 30 kV will typi-
cally have an amorphous surface layer of around 25 nm and
then a near-surface layer containing defects extending to
more than 100 nm in depth which can trap the dopants that
are present in this region.6–8 Therefore the effects of FIB
milling will significantly influence the results for dopant pro-
filing techniques that are performed in transmission such as
electron holography and will make surface scanning tech-
niques such as SSRM, SCM, and SEM extremely difficult.
Although low energy FIB milling9 and/or additional tech-
niques such as low energy Ar ion milling10 can be used to
improve the specimens,11 recent experimental results suggest
that although the damaged regions can be reduced, they are
not removed.12,13 In this study we have sought to understand
the effects and then remove the damage that is introduced in
semiconductor specimens during FIB preparation.

Off-axis electron holography has been used to character-
ize a series of p-n junction specimens prepared using FIB
milling. Off-axis electron holography is a TEM based tech-

nique that uses a biprism to interfere an object wave that has
passed through a specimen, with a reference wave that has
passed through only a vacuum. From the resulting interfer-
ence pattern which is also known as a hologram, both phase
and amplitude images of the specimen can be reconstructed.2

When no magnetic fields or diffraction contrast is present,
the change in phase of an electron as it passes through a
specimen can be given by the expression

�� = CE�
0

t

V�x,y,z�dz , �1�

where CE is a constant dependent on the energy of the elec-
tron wave �7.29�10−3 rad V−1 nm−1 for 200 kV electrons�,
V is the electrostatic potential, and z is the electron beam
direction.14 The phase of an electron is very sensitive to
changes in potential in a specimen such as from the presence
of dopants. Therefore in principle, electron holography can
be used to fulfill the requirements of the semiconductor in-
dustry for a quantitative dopant profiling technique with
nanometer-scale resolution.15

In order to determine the effects of FIB milling on Si
semiconductor devices, a series of symmetrically doped p-n
or n-p junctions have been grown using reduced-pressure
chemical vapor deposition. For each of the junctions a
1.0 �m layer of phosphorus �n-type� doped Si was grown
onto a 1.0 �m layer of boron �p-type� doped Si onto a
lightly p-doped substrate �or vice versa in the case of the p-n
junctions�. Secondary ion mass spectrometry was performed
on each of the specimens to measure the dopant concentra-
tions. These were found to be 2�1017, 2�1018, and
1�1019 cm−3. Parallel-sided specimens were prepared for
examination by off-axis electron holography from each of
the differently doped wafers by using the FIB operated at
either 30 or 8 kV using a conventional trench geometry.8,16

Prior to milling, a metallic coating was sputtered onto the
surfaces of the specimens. Then a 1.0-�m-thick protective
tungsten layer was deposited directly over the region of in-a�Electronic mail: david.cooper@cea.fr.
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terest using ion beam assisted deposition in order to prevent
normal incidence ion implantation and milling from the tails
of the beam.

Holograms of the specimens were acquired using a
probe corrected field emission gun FEI Titan microscope op-
erated at 200 kV �although the probe corrector was not used�.
The objective lens and third condenser lens were turned off,
and a Lorentz lens was used to extend the holographic field
of view to 1500�700 nm2. The fringe spacing in the holo-
grams was 3.5 nm which provided a spatial resolution of
�10 nm in the reconstructed phase images. It is possible to
achieve a much better spatial resolution than this,17 however,
here the experiment has been optimized to maximize the
field of view. In addition the stability of the state-of-the-art
electron microscope allowed holograms to be acquired using
a low beam intensity and for long time periods in order to
reduce both specimen charging and improve the signal-to-
noise ratio.18

II. OFF-AXIS ELECTRON HOLOGRAPHY
OF P-N JUNCTIONS WITH DIFFERENT DOPANT
CONCENTRATIONS AND LOW TEMPERATURE
IN SITU ANNEALING

Figure 1 shows reconstructed phase images acquired for
specimens containing the differently doped p-n junctions. All
of the specimens have an approximate crystalline thickness
of 400 nm which was measured using convergent beam elec-
tron diffraction �CBED�. The differently doped regions are
clearly visible. The cosine of the phase is also shown. The
p-n junctions in the phase images clearly do not extend all
the way to the specimen surface. This is particularly the case
for the specimens which have lower dopant concentrations.
Another observation from the phase images is that the near-
surface regions appear to be at the same potential as the
n-doped layers in the junctions. Observations of more than
20 specimens �each with around five membranes of different
thicknesses� containing either p-n or n-p junctions have
shown that the surfaces of the specimens tend to be at the
same potential as the doped regions that are directly attached
to the substrate. However, we note that for just one of these
specimens �which contained five different membranes�, the
surfaces were observed to be at the same potential as the
n-type surface layer.

A final observation is that the electrostatic fringing fields
that would be expected to be seen originating from the p-n
junctions in the vacuum regions are not observed. A slight
gradient can be seen in the vacuum in the specimen with the
dopant concentration of 1�1019 cm−3; however, this clearly
does not originate from the junction.

In order to quantify the step in phase measured across
the junctions, phase profiles were extracted from across a
series of specimens containing p-n junctions of different
thicknesses. It is known that during FIB preparation, defects
will be introduced deep in the crystalline regions of the
specimens which has the effect of trapping the dopants.7 This
artifact is one of the principal mechanisms of what is referred
to as the electrically inactive layer. This inactive layer can be
observed both in Fig. 1 where the junctions do not extend to
the specimen surfaces and in Fig. 2. Figure 2 shows the step
in phase measured across the different specimens as a func-
tion of the crystalline specimen thickness measured using
CBED. The x-intercept for each of the data sets gives a value
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FIG. 1. �a� Phase images for 400-nm-thick p-n junctions with the different
dopant concentrations. �b� Cosine of the phase clearly showing that the
near-surface regions of the specimens are at a negative �n-type� potential.
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FIG. 2. �Color online� The step in phase measured across the p-n junctions as a function of the crystalline specimen thickness. The specimens have been
examined after FIB preparation at 30 and 8 kV and after annealing in vacuum. �a�, �b�, and �c� refer to the specimens with dopant concentrations of 2
�1017, 2�1018, and 1�1019 cm−3, respectively.
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for the electrically inactive thickness. In this crystalline
layer, none of the dopants that are present contribute toward
the measured potential and their presence leads to a measure-
ment of the potential across the p-n junctions which is much
less than predicted by theory. A clear definition of the inac-
tive thickness, tinactive is the total crystalline thickness on both
faces of the specimen that is altered during preparation,
where tinactive /2 is present on each specimen surface. As the
specimen thickness is measured by CBED, the thickness of
the amorphous layers is not included.

It has been shown recently that the electrically inactive
thickness is strongly dependent on the dopant concentration
in the specimens,8 therefore this artifact cannot be accounted
for simply by subtracting a fixed value from the total crys-
talline thickness. It is known that the electrically inactive
thickness can be reduced either by reducing the operating
voltage of the FIB12 or by performing a low temperature
anneal on the specimens.7 To assess these improvements as a
function of the dopant concentration, specimens were pre-
pared using the FIB operated at either 30 or 8 kV and elec-
tron holograms were acquired. The specimens prepared at
each FIB operating voltage were then annealed in situ in a
plasma cleaner �with the plasma off� for 30 min at 350 °C
using a Gatan heating holder. At these low temperatures, the
dopant diffusion observed in these specimens will be less
than 1 nm;7 however, it should be considered that the diffu-
sion could be higher in implanted complementary metal-
oxide semiconductor devices. Figures 2�a�–2�c� show the
step in phase for the differently doped p-n junctions as a
function of the crystalline specimen thickness. For all of the
specimens the electrically inactive thickness is found to be
reduced by a factor of 2 when the FIB operating voltage is
reduced from 30 to 8 kV which is consistent with previous
observations of GaAs p-n junctions.19 After the low tempera-
ture annealing the electrically inactive thickness has been
almost completely removed for the specimens with dopant
concentrations of 2�1018 and 1�1019 cm−3. However,
for the specimen with the dopant concentration of
2�1017 cm−3, a large inactive thickness remains, even after
multiple attempts to remove it using specimens prepared at
different times, using different FIB operating voltages and
different annealing temperatures up to 500 °C.

Table I shows the measured values of the electrically
inactive thickness for each of the different specimens for
each method of preparation. From the table it is clear that the
inactive thickness is dependent on both the preparation
method and dopant concentrations in the specimens.

Also, the built-in potential Vbi in the p-n junction can be
measured from the gradient,

Vbi =
1

CE
� ��

tcrystalline − tinactive
� , �2�

where tcrystalline is the crystalline thickness of the specimens
and tinactive is the electrically inactive thickness. Although this
method of measuring Vbi is in principle independent of the
inactive thickness, in Figs. 2�a�–2�c�, it can be seen that the
values measured experimentally from the gradients are not
consistent with the expected values that are indicated by the
dashed line.20 Reducing the electrically inactive thickness
does not significantly increase the measured values of Vbi in
the junctions. It has been shown experimentally that the rea-
sons for this difference are due to the specimen charging
during TEM examination. This has been described in more
detail elsewhere.8,13,21

Figure 3�a� shows the experimentally measured inactive
thickness as a function of the dopant concentration in the
specimens. Assuming that FIB damage is the only cause of
the inactive layer, the lower limit of the dopant concentration
that can be detected using off-axis electron holography
can be determined by extrapolating the gradient to the
y-intercept. For example, for specimens prepared using
30 kV Ga ions, a crystalline specimen thickness of more than
450 nm will be required to detect a dopant concentration of
1�1016 cm−3. The graph also suggests that this detection
limit can be improved by operating the FIB at 8 kV. In this

TABLE I. The electrically inactive thickness measured �in units of nanom-
eters� for each of the differently doped specimens for each of the different
preparation methods. The annealed specimens can be prepared using either
30 or 8 kV Ga ions to achieve the same experimental result. The experimen-
tal error in each case is �15 nm.

Dopant concentration
�cm−3� 30 kV 8 kV Annealed at 350 °C

1�1019 60 25 5
2�1018 140 60 10
2�1017 250 13 85
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FIG. 3. �Color online� �a� The electrically inactive thickness as a function of
the dopant concentration in the specimens. �b� The electrically inactive
thicknesses measured in the differently doped specimens as a function of the
FIB operating voltage. Specimens that were annealed at low temperature
have been indicated as having been prepared at 0 kV.
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instance, a specimen thickness of just over 220 nm would be
required to detect a concentration of 1�1016 cm−3.

However, the effects of charge states at the specimen
surfaces will also contribute toward the inactive thickness.
Figure 3�b� shows the electrically inactive thickness mea-
sured experimentally in the specimens as a function of the
FIB operating voltage. The specimens that have been an-
nealed are indicated as being prepared using the FIB oper-
ated at 0 kV. The intercept with the y-axis indicates the elec-
trically inactive thickness that remains in perfect, crystalline
TEM specimens due to surface depletion. The surface deple-
tion will be caused by charged states on the specimen
surfaces.22,23 The experimental data shown in Fig. 3�b� sug-
gest that the effects from the charged surfaces are slight for
specimens with high dopant concentrations but are signifi-
cant for the specimen observed here with a concentration of
2�1017 cm−3.

III. SIMULATIONS

To help understand the effects of surface depletion, two
dimensional �2D� simulations were performed using the
commercially available potential simulator ATLAS by
Silvaco.24 The potentials in the specimens were calculated
using Poisson’s equation. A 300-nm-thick p-n junction was
created with a 20-nm-thick amorphous layer and a layer of
charge in between the crystalline and amorphous regions.
The values of the surface charges were then varied to see the
effects on the potential inside the specimens.

Figure 4 shows 2D potential profiles for the different
specimens. Negative values of surface charge were used in
the simulations as the phase images in Fig. 1 suggest that the
surfaces are at a similar potential to the n-doped regions in
the specimens. From the simulations it is evident that when
no charge is present on the specimen surfaces, strong fring-
ing fields are observed in the vacuum regions of the speci-
men originating from the p-n junction. These fields have

never been observed in FIB-prepared specimens, although
they have been seen in cleaved Si p-n junctions with rela-
tively high dopant concentrations.25

The minimum value of surface charge required to re-
move the fringing fields from the most highly doped samples
was found to be 5�1013 cm−2. This value is close to the
values of charge that have been used previously to fit experi-
mental data to simulations of p-n junctions.22 When this sur-
face charge is applied to all of the specimens, a relatively
small but significant amount of band bending is observed
in the p-type regions of the highly doped specimens.
However, in the specimens with a dopant concentration of
2�1017 cm−3 there are significant surface effects which ex-
plain the large residual electrically inactive thickness that is
observed in the annealed TEM specimens. Simulations
are also shown using an intermediate surface charge of
1�1012 cm−2 to demonstrate that in this case, fringing fields
remain in the vacuum.

Figures 5�a�–5�c� show profiles extracted from across
the p and n doped regions in the direction of the electron
beam for each of the differently doped specimens with each
different surface charge. Figure 5�a� shows the profiles with
no charge applied to the surfaces, with 1�1012 cm−2 �Fig.
5�b��, and with 5�1013 cm−2 �Fig. 5�c��. These profiles
were extracted from regions such as the one indicated by the
dashed lines in Fig. 4. The profiles were acquired well away
from the region of the p-n junction to assess only the effects
of surface charging.
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From the profiles it is clear that the p-type regions in all
of the junctions are modified due to the presence of negative
charge on the surfaces. By integrating the potential from the
profiles, the inactive thickness can be calculated from the
simulations. Table II shows the experimentally determined
values of the inactive thickness in specimens that are as-
sumed to be “perfect” after annealing. Also shown are the
inactive thicknesses derived from simulations using a sheet
charge of 5�1013 cm−2. Although the simulations can ac-
count for the absence of fringing fields in vacuum, they also
suggest that a large inactive thickness will be present for all
of the differently doped specimens examined here.

In order to obtain a better fit between the simulations and
experimental data the simulations were modified. Instead of
using a surface charge, it was assumed that the amorphous
layer could trap charge. In the simulations a 5- or 20-nm-
thick layer with a volume charge of 2�1018 cm−3 was re-
quired to remove the fringing fields from the vacuum for all
of the differently doped specimens. The two different thick-
nesses of the layer were selected as specimens prepared us-
ing FIB milling at either 8 or 30 kV are expected to have
amorphous layers on each face of approximately this thick-
ness. No difference was seen between the simulated inactive
thicknesses for the specimens with the different thickness
amorphous layers. Profiles extracted from across the differ-
ent junctions are shown in Fig. 6. The values of the inactive
thickness calculated from this model are also shown in Table
II. Although this improved model gives a much better fit
between the experimentally measured values and the simula-
tions, the model used here overestimates the inactive thick-
ness for the specimens with the higher dopant concentra-

tions. However, the fit is just within experimental error and
therefore can provide a reasonable estimation of the effects
of band bending in doped specimens.

IV. SUMMARY

It has been shown that in FIB-milled specimens contain-
ing p-n junctions there is an inactive thickness that will re-
sult in the measured potentials being much less than pre-
dicted by theory. This layer is also dependent on the dopant
concentration and the specimen preparation method em-
ployed. This inactive thickness has been almost completely
removed by annealing the specimens at low temperature to
remove the defects that are introduced during FIB prepara-
tion for dopant concentrations of 2�1018 cm−3 or more.
However, in the specimen examined with a dopant concen-
tration of 2�1017 cm−3 a large inactive thickness is present,
even after annealing.

Simulations have shown that the presence of fringing
fields in vacuum can be eliminated by using a sheet charge of
5�1013 cm−2 on the specimen surfaces. However, the pres-
ence of this charge will lead to large inactive thicknesses in
all of the specimens, which is not observed experimentally.
By putting 2�1019 cm−3 of trapped charge in either a 5- or
20-nm-thick amorphous layer on each of the specimen sur-
faces, both the external fringing fields can be removed and
the experimental data reproduced to within error.

By using these values of charge, a lower limit of dopant
detection can be calculated. Figure 7 shows the inactive
thickness for a range of differently doped specimens, ob-
tained both from simulations and experiment, using values
from specimens prepared using a FIB operated at both 30
and 8 kV. Here it can be seen that the inactive thickness that
is introduced during FIB milling is the dominant component
of the inactive thickness down to a dopant concentration of
2�1016 cm−3 for specimens prepared using 30 kV Ga ions
and 2�1017 cm−3 for specimens prepared using 8 kV Ga
ions. At dopant concentrations lower than these, the effects
of charging on the specimen surface will influence the inac-
tive thickness. The simulations suggest that due to the effects

TABLE II. The electrically inactive thicknesses �in units of nanometers�
after annealing in the differently doped specimens measured experimentally
and from simulations using either a sheet charge of 5�1013 cm−2 on the
specimen surface or a 25-nm-thick layer containing a positive charge �vol-
ume� of 2�1018 cm−3 layers. The error in the experimental profiles is �15
nm.

Dopant concentration
�cm−3�

Expt.
�nm�

Sheet charge
�nm�

Volume charge
�nm�

1�1019 5 35 15
2�1018 10 65 25
2�1017 85 95 90
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FIG. 6. �Color online� Potential profiles extracted from across the simula-
tions for the differently doped p-n junctions with 25-nm-thick amorphous
layers containing a trapped negative charge of 2�1018 cm−3.
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of surface charging, it is unlikely that dopant concentrations
below 1�1016 cm−3 can be detected as the specimen thick-
nesses above 600 nm would be required.

V. CONCLUSION

Electron holograms have been acquired for Si specimens
containing p-n junctions with different dopant concentra-
tions. The specimens have been prepared using a FIB oper-
ated at different voltages. From the reconstructed phase im-
ages an electrically inactive thickness has been identified
which is dependent on both the dopant concentration in the
specimens and the FIB operating voltage. The specimens
have then been annealed at low temperature in order to re-
move the defects that are introduced during FIB milling.
After the anneal, the inactive thickness has been almost
completely eliminated for the dopant concentrations above
2�1018 cm−3; however, it remains significant in specimens
with lower dopant concentrations. By comparing the experi-
mental data with simulations of the p-n junctions, it has been
shown that a negative charge of 2�1018 cm−3 in the amor-
phous layer is required to make the best fit. This value is
consistent with expected values of trapped charge in Si–SiO2

interfaces.20

The results that have been obtained here using off-axis
electron holography have been shown to be reproducible if
sufficient care is taken during specimen preparation and dur-
ing examination in the TEM.8 By understanding the artifacts
that are introduced into FIB-milled specimens that have been
either prepared at different energies or annealed, we hope to
be able to reliably fit the results to simulations that can pro-
vide quantitative information about the dopant concentra-
tions in semiconductor specimens.

ACKNOWLEDGEMENTS

This work was partly funded by the French Public Au-
thorities through the NANO 2012 program.

1M. A. Castell, D. A. Muller, and P. M. Voyles, Nature �London� 2, 129
�2003�.

2M. R. McCartney and D. J. Smith, Annu. Rev. Mater. Res. 37, 729 �2007�.
3P. Kazemian, A. C. Twitchett, C. J. Humphreys, and C. Rodenburg, Appl.
Phys. Lett. 88, 212110 �2006�.

4P. Eyben, D. Alvarez, M. Jurczak, R. Rooyackers, A. De Keersgieter, E.
Augendre, and W. Vandervorst, J. Vac. Sci. Technol. B 22, 364 �2004�.

5C. C. Williams, Annu. Rev. Mater. Sci. 29, 471 �1999�.
6A. C. Twitchett, R. E. Dunin-Borkowski, R. J. Hallifax, R. F. Broom, and
P. A. Midgley, Phys. Rev. Lett. 88, 238302 �2002�.

7D. Cooper, A. C. Twitchett, P. K. Somodi, I. Farrer, D. A. Ritchie, P. A.
Midgley, and R. E. Dunin-Borkowski, Appl. Phys. Lett. 88, 063510
�2006�.

8D. Cooper, C. Ailliot, R. Truche, J. Hartmann, J. Barnes, and F. Bertin, J.
Appl. Phys. 104, 064513 �2008�.

9N. I. Kato, Y. Kohno, and H. Saka, J. Vac. Sci. Technol. A 17, 1201
�1999�.

10A. Barna, B. Pecz, and M. Menyhard, Ultramicroscopy 70, 161 �1998�.
11M. R. McCartney, M. A. Gribelyuk, J. Li, P. Ronsheim, J. S. Murray, and

D. J. Smith, Appl. Phys. Lett. 80, 3213 �2002�.
12D. Cooper, R. Truche, and J.-L. Rouviere, Ultramicroscopy 108, 488

�2008�.
13D. Cooper, F. Bertin, P. Salles, and G. Benassayag, Appl. Phys. Lett. 93,

043510 �2008�.
14W. D. Rau, P. Schwander, F. H. Baumann, W. Hoppner, and A. Ourmazd,

Phys. Rev. Lett. 82, 2614 �1999�.
15International Technology Roadmap for Semiconductors, 2005 ed. �Semi-

conductor Industry Association, San Jose, CA, 2005�, http://public.itrs.net.
16K. H. Park, Mater. Res. Soc. Symp. Proc. 199, 271 �1990�.
17H. Lichte, Ultramicroscopy 108, 256 �2008�.
18D. Cooper, R. Truche, P. Rivallin, J. Hartmann, F. Laugier, F. Bertin, and

A. Chabli, Appl. Phys. Lett. 91, 143501 �2007�.
19D. Cooper, R. Truche, A. C. Twitchett-Harrison, R. E. Dunin-Borkowski,

and P. A. Midgley, J. Microsc. 223, 102 �2009�.
20S. M. Sze, Semiconductor Devices, Physics and Technology �Wiley, New

York, 2002�, pp. 180–184.
21D. Cooper, A. C. Twitchett, P. A. Midgley, and R. E. Dunin-Borkowski, J.

Appl. Phys. 101, 094508 �2007�.
22M. Beleggia, P. F. Fazzini, P. G. Merli, and G. Pozzi, Phys. Rev. B 67,

045328 �2003�.
23P. F. Fazzini, P. G. Merli, G. Pozzi, and F. Ubaldi, Phys. Rev. B 72, 085312

�2005�.
24http://www.silvaco.com.
25A. C. Twitchett, R. E. Dunin-Borkowski, R. J. Hallifax, R. F. Broom, and

P. A. Midgley, J. Microsc. 214, 287 �2003�.

064506-6 Cooper et al. J. Appl. Phys. 106, 064506 �2009�

Downloaded 23 Jun 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1038/nmat840
http://dx.doi.org/10.1146/annurev.matsci.37.052506.084219
http://dx.doi.org/10.1063/1.2207552
http://dx.doi.org/10.1063/1.2207552
http://dx.doi.org/10.1116/1.1638772
http://dx.doi.org/10.1146/annurev.matsci.29.1.471
http://dx.doi.org/10.1103/PhysRevLett.88.238302
http://dx.doi.org/10.1063/1.2172068
http://dx.doi.org/10.1063/1.2982415
http://dx.doi.org/10.1063/1.2982415
http://dx.doi.org/10.1116/1.581795
http://dx.doi.org/10.1016/S0304-3991(97)00120-4
http://dx.doi.org/10.1063/1.1473702
http://dx.doi.org/10.1016/j.ultramic.2007.08.006
http://dx.doi.org/10.1063/1.2960351
http://dx.doi.org/10.1103/PhysRevLett.82.2614
http://public.itrs.net
http://dx.doi.org/10.1016/j.ultramic.2007.06.006
http://dx.doi.org/10.1063/1.2794006
http://dx.doi.org/10.1111/j.1365-2818.2008.03101.x
http://dx.doi.org/10.1063/1.2730557
http://dx.doi.org/10.1063/1.2730557
http://dx.doi.org/10.1103/PhysRevB.67.045328
http://dx.doi.org/10.1103/PhysRevB.72.085312
http://www.silvaco.com
http://dx.doi.org/10.1111/j.0022-2720.2004.01328.x

