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ABSTRACT

The measurement of potentials associated with dopant atoms in semiconductors at
nanometer spatial resolution using off-axis electron holography is known to be affected by the
presence of the surfaces of thin specimens. In particular, the potential across ap-njunctionis
often found to be lower than would be expected from predicted properties of bulk devices. Here
we present simulations of two-dimensional potential profiles within athin (<1 um) parallel-sided
specimen containing a p-n junction. We find that the potential across the p-n junction is always
smaller, when projected through the specimen, than would be expected from the properties of the
bulk material. Crucially, the step in potential across the junction is independent of the value of
the potential on the surface of the specimen for high dopant concentrations (>10*" cm™). The
simulations are compared with experimental data. Although they can account for some of the
reduction in the observed potential, they do not fully explain the experimental results.

INTRODUCTION

The quantitative characterization of electrostatic potential distributions associated with the
presence of dopant atomsis of fundamental importance for the devel opment of future
generations of nanoscale semiconductor structures and devices. Off-axis electron holography isa
technique that offers the prospect of measuring electrostatic potentials at nanometer spatial
resolution [1-3]. An electron wave that has passed through an electron-transparent specimen is
interfered with another part of the same electron wave that has passed only through the vacuum.
Analysis of the resulting interference fringe patterns allows the phase difference between the two
parts of the electron wave to be established. This phase difference can then be related to the
electrostatic potential within the specimen, V, by making use of the expression

9(x,¥) = Ce [V(x y,2)dz (1)

where z is the electron beam direction, Cg is a constant that depends on the microscope
accelerating voltage, and the geometry of the thin (< 1 um) TEM specimen is defined in figure 1.
Given an accurate measurement of the sample thicknessit is possible to determine the potential
within the specimen, averaged in the electron beam direction.

Previous e ectron holography studies have shown that the potential measured across ap-n
junction, determined from measurements of the phase and specimen thickness according to
equation 1, is almost always lower than would be predicted using simple theory [4, 5]. There are
several possible explanations for this discrepancy including the effects of surface depletion, the
implantation of ions during sample preparation and electron-beam-induced charging of oxide
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layers on the specimen surface. By calculating the potential within athin specimen we aim to
show how the surfaces of afinite specimen can partially account for the discrepancies observed.

tIA

Figure 1. Schematic diagram showing the direction of the electron beam relative to a
parallel-sided TEM specimen of thickness t containing a p-n junction. A and B represent the
boundaries of the simulation, at which the semiconductor is defined to behave as either pure
n-type (A) or p-type (B) material. C and D represent the surfaces that are taken to be
equipotentials.

SIMULATION DETAILS

As the devices described below do not exhibit significant quantum confinement, due to the
nature of their design, smulations were carried out by solving standard semi-classical
semiconductor equationsin athin TEM specimen [6]. As the equations are non-linear, finite
element methods are used to solve them, using an algorithm that is based on code described in
reference 7. Far from the junction the specimen is assumed to behave asiif it were an isolated
semiconductor of either n- or p- type material. The boundary conditions on the surfaces that are
labelled A and B in figure 1 reflect this condition. A key experimental observation isthat TEM
specimens almost never show el ectrostatic fringing fields outside their surfaces close to the
positions of p-n junctions[8]. The specimen surfaces (labelled C and D in figure 1) are therefore
treated as equipotentialsin the present study. Previous work on simulations of p-n junctionsin
TEM specimens [9] has instead assumed the presence of charged oxide layers on the surface. For
aclean (11 1) surface of silicon, the surface energy is 0.7 eV below the conduction band energy
[10]. However the true value of the potential on the surface of a TEM specimen is unknown and
will be affected by sample preparation.

SIMULATION RESULTS

Representative results of simulations for a parallel-sided specimen containing an abrupt,
symmetrical silicon p-n junction are shown in figure 2, for dopant concentrations of 10*°, 10%®,
10*" and 10" cm®. The dopant atoms are Sb (n-type) and B (p-type), and the surface state energy
isset to 0.7 eV above the Fermi level. Equipotential contours of spacing 0.05eV are shown in
each figure. The thickness of each specimen in the electron beam direction is 300 nm. Thisisa
representative thickness for a sample examined using electron holography, asit is thin enough to
minimize inelastic scattering but thick enough for contrast to be visible. Qualitatively figure 2
shows that setting the surface to be an equipotential affects the potential within the specimen
well below its surface, particularly for low dopant concentrations.

Experimentally, only the potential projected in the electron beam direction (the z-direction
in figure 1) is measured using el ectron holography. Simulated projected potential profiles, which
have been calculated from the results shown in figure 2 are shown in figure 3. For comparison,
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the potential profiles predicted on the basis of the bulk properties of the device are also shown.
There is aclear reduction in the potential measured across the junction for the samples of finite
thickness compared to the bulk profile. This reduction in the potential step across the junction is
shown as a function of sample thicknessin figure 4. Significantly, it isfound that the stepin
potential is always lower than the value expected in the bulk. In particular, for samples of small
thicknesses the dopant contrast across the junction will be unobservable using electron
holography. Figure 5 shows the apparent depletion widths that would be inferred from the
projected potential profiles. For lower dopant concentrations and small sample thicknesses, the
variation in projected potential across the junction is so small that it becomes impossible to
calculate the depletion width accurately.
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Figure 2. Simulations of electrostatic potential distributionsin parallel-sided slabs of thickness
300 nm containing abrupt, symmetrical Si p-n junctions formed from a) 10*°, b) 10'® , ¢)10*’ and
d) 10" cm™ of Sb (n-type) and B (p-type) dopants. The potential at the surfaces of each
specimen istaken to be 0.7 eV above the Fermi level. Contours of spacing 0.05 V are shown.
The horizontal scaleisdifferent in each figurein order to show the variation in potential closeto
the position of the junction.
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Figure 3. The projected conduction band energy relative to the Fermi level, averaged through the
thickness of the specimen in adirection perpendicular to its surface, determined from the
simulations shown in figure 2. The dopant concentrations are a) 10*°, b) 10*®, ¢) 10" and

d) 10" cm. The dashed lines represent the conduction band energies for bulk-like material.
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Figure 4. The step in potential across the junction plotted as afunction of specimen thickness for
the dopant concentrations indicated. The dashed lines represent the value expected for an infinite
specimen thickness. The potential on the surface istaken to be 0.7eV below the conduction band.
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Figure 5. The depletion width that would be inferred from the projected potential profiles,
plotted as a function of specimen thickness. The dashed lines represent the potential that would
be expected for a sample of infinite thickness. The potential on the surface is taken to be 0.7eV
below the conduction band. Crucially, the potential difference acrossthejunctionis
approximately independent of the value of the potential taken at the surface of the specimen
when the dopant concentration is high (>10% cm™®), as shown in figure 6.
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Figure 6. The variation in the apparent step in potential across the p-n junction, plotted as a
function of the surface energy (measured relative to the Fermi level).

COMPARISON WITH EXPERIMENTAL RESULTS

Figure 7 shows a potential profile across a focussed ion beam milled silicon p-n junction
measured using off-axis electron holography [8]. The dopant atoms are Sb (n-type) and B (p-
type). The dopant concentrations were determined, using secondary ion mass spectrometry
(SIMS), to be 3 x 108 cm® in the n-type region and 4 x 108 cm™ in the p-type region. The
sample thickness, determined using convergent beam electron diffraction, was 390 nm. The
experimental profile is compared with a smulated profile for the same dopant concentrations and
sample thickness in figure 7. The depletion width is found to be larger and the step in potential
across the junction found to be smaller in the experimental results. Based on this comparison we
speculate that sample preparation may have resulted in areduction in the electrically active
dopant concentration within the specimen and that additional damaged or implanted layers may
be present on the specimen surfaces, as well as the effect of the presence of the specimen
surfaces on the potential within the specimen.
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Figure7. The potential profile across a p-n junction measured from afocussed ion beam milled
specimen of crystalline thickness 390 nm using off-axis electron holography. The dopant atoms
are Sb (n-type) and B (p-type) with nominal concentrations of 3x 10*®cm™ and 4 x 10" cm’®,
respectively. The simulation was performed for these parameters and for a surface state energy
of 0.7 eV.
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CONCLUSIONS

The projected potential step across a p-n junction located within athin specimen is always
reduced from predictions, based on the properties of bulk devices, due to the presence of the
specimen surfaces. For low dopant concentrations the step in potential is reduced significantly.
However, the potential across the junction isfound to be independent of the value of the
potential on surface of the specimen for high dopant concentrations. Providing that the surfaceis
an equipotential, the exact nature of the surface may not be important. In the literature, the
reduction in the observed potential is often explained by introducing a crystalline layer of
electrically inactive material on the surface of the specimen, known asa‘dead layer’ [11,12].
Given the results presented here, we believe thisterm is misleading, and that experimentally the
reduction in the potential can result, in part, smply from surface depletion.

Further work will involve the study of the effects of sample damage and implantation during
sample preparation to account for remaining discrepanci es between the simulations and
experimental measurements. The need for areliable 3-d nano-scale resolution profiling technique
[13] aso highlights the need for 3-d simulations of the potential in slab-shaped and wedge-
shaped specimen geometries.
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