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ABSTRACT

Semiconductor device structures are becoming increasingly three-dimensional at the nanometer scale. A key issue that must be addressed
to enable future device development is the three-dimensional mapping of dopant distributions, ideally under “working conditions”. Here we

demonstrate how a combination of electron holography and electron tomography can be used to determine quantitatively the three-dimensional
electrostatic potential in an electrically biased semiconductor device with nanometer spatial resolution.

In an extrinsic semiconductor structure that contains local Si p—n junction in which the variation in the electrical
variations in dopant distribution, it is essential to be able to properties of the device close to the surfaces of the specimen
map the electrically active regions quantitatively to charac- is of interes€

terize the device functioh? The electrical properties of The site-specific preparation of semiconductor devices for
nanoscale semiconductor structures are strongly dependenéxamination using electron holography can, at present, only
on the presence of interfaces and surfaces. Near such featurege satisfied currently by FIB milling. In recent years,
the electrical properties of the semiconductor may deviate combined scanning electron microscope (SEM) and FIB
substantially from its bulk properties. Many semiconductor workstations have provided increased flexibility and im-
characterization techniques, for example, scanning probeproved efficiency in the preparation of site-specific TEM
microscopies, either have poor spatial resolution or probe specimens containing device structutésHowever, the
only the near-surface region of the device, which is sensitive preparation of specimens using a high-energy ion beam
to environmental conditions and surface damage. Off-axis creates amorphous regions at the semiconductor suffces,
electron holography is a transmission electron microscope and the impact of the Ga ion beam on the electrical properties
(TEM) based interference technique that has been highlightedof the subsurface is not yet fully understood.

as a promising quantitative dopant profiling technique with An FEI 200 FIB workstation operated at 30 kV with a Ga

the high spatial resolution that is required for the character- ion beam was used to prepare a thin, parallel-sided membrane

|hza|t|on ochrrent dand future de;}ncehgenerﬁnérﬁlectron. of a Si p—n junction device in a novel geometry, as illustrated
olography is used to measure the phase change experience Figure 1a. This geometry allows high specimen tilt angles

by a high-energy electron wave passing throu'gh a thin to be achieved in the TEM without shadowing of the
specimen p_repared from a semiconductor device. Whenspecimen by either the support grid or the surrounding
acquired using an unperturbed vacuum wave and recon'specimen. The device comprised a 216 layer of 5x 10
structed using a reference hologram, the phase change can s (nominal) B-doped (p-type) Si grown epitaxially on a
be related directly to the electrostatic potential distribution 3 x 10 cm2 (nominal) Sb-doped (n-type) Si substrate. The
in the specimen. Here we show that by acquiring a series Ofcrystalline specimen thickness was measured to be4330
off-axis electron holograms over a range of specimen tilt 10 nm using convergent beam electron diffrac®mhe
angles, tomographic reconstruction metHazimn be used to sample was mounted in a cartridg® that enabled easy
measure quantitativ_ely the three-dimensiongl elec:trC)St""tiCtransfer between the FIB workstation and a special TEM
potential iin a semlcqqductor dewcg. We illustrate 'the specimen holder (Figure 1b), which was used to achieve high
approach by characterizing a focused ion beam (FIE) milled specimen tilt while simultaneously allowing an electrical bias
* Corresponding author. E-mail: act27@cam.ac.uk. to be applied to the FIB-prepared semiconductor specimen
T Glebe Laboratories, Newport, County Tipperary, Ireland. in the electron microscop@é:*2 Off-axis electron holograms
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Figure 2. Tomographic reconstruction of the electrostatic potential
arising from a 3-D section of a thin FIB-prepared membrane
containing an electrically biased—m junction. Substantial modi-
fication of the potential is apparent near the top and bottom surfaces
of the reconstruction arising from a combination of sample
preparation effects and properties of semiconductors (such as surface
depletion) near surfaces. The amorphous and crystalline surface
layers have been represented schematically and were not recon-
structed tomographically. Equipotential contours spaced every 0.2
V have been superimposed onto the reconstructed tomogram,
highlighting the electrostatic potential distribution in ez cross-
section of the specimen.

3-D variation in electrostatic potential (as illustrated sche-
matically in Figure S1, Supporting Informatiyncan be
quantified, and the impact of different surface conditions on
the device properties in the thin specimen can be assessed.
A multiplicative iterative back-projection methtfdvas used

to reconstruct the 3-D electrostatic potential from the tilt
series of holograms. The missing wedge of information
arising from the limited tilt led to uncertainty in the precise
position of the specimen surfaces perpendicular to the
electron beam direction. As the FIB-prepared specimen

Figure 1. (a) Sghematip diagram iIIustrati_ng the specimen geome_try surfaces are known to be equipotentfalbe reconstruction
used for electrically biased tomographic holography. (b) Design \\ ¢ therefore constrained to lie within the (independently
drawing of the two-contact electrical biasing TEM specimen holder. . . . . .
(c) Unwrapped reconstructed phase image (acquired at a Sloecime,g'neasured) specimen thickness, setting the potential outside
tilt angle of +20°) showing the phase variation across thenp ~ the specimen to zero.
junction unde a 3 V applied reverse electrical bias. Figure 2 shows the reconstructed 3-D electrostatic potential
in the specimen, measured under an applied reverse bias
of the p—n junction were acquired in a Philips CM300 field voltage of 3 V, which reveals a potential distribution of the
emission gun TEM using an accelerating voltage of 200 kV same form as that predicted by simulatidhsA three-
over a tilt range of-70 to+70°, with holograms acquired  dimensional visualization of the tomogram is provided in
at 2 intervals. Reference holograms from vacuum were the supporting online material. Only the region of varying
acquired every 10 Phase images (Figure 1c) were recon- electrostatic potential has been reconstructed tomographically
structed numerically using reference holograms to remove (as illustrated in Figure S1, Supporting Information), exclud-
artefacts resulting from the image recording prodég&hase ing the amorphous and crystalline regions, which contain
unwrapping procedures were used with care to ensure thatinvariant, electrically inactive material at the top and bottom
the total phase change of the electron wave was recoveredsurfaces of the FIB-prepared specimen. The damage created
relative to a wave passing through vacuum alone. The by the Gd ion beam results in the fact that the material
electrostatic potential revealed in the reconstructed phasewithin 25 nm of the specimen surfaces is no longer
image is a projection through the membrane and containscrystalliné:® and within 50 nm of the surface does not vary
contributions from both surface and bulk regions. By using electrically as a function of position along the specimen
tomography in combination with electron holography, the surface. Although these surface regions do contribute to the
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total phase shift of the electron beam passing through the (
specimen, there is no local variation in phase arising from

the presence of electrically active dopants (from p- to n-type),

i.e., these regions are essentially intrinsic and give rise to

little information in the reconstructed tomogram. The final
thickness of the tomographic reconstruction was therefore
constrained to the central 280 nm of the specimen, which
would correspond to the membrane having a crystalline, but
electrically inactive surface layer of 25 nm (in addition to a

25 nm thick amorphous layer) at each surfaes,illustrated

in Figure 2. The spatial and phase resolution of the
holographic phase images are controlled by the acquisition -450 -300 -150 0 150 300 450
and processing parametéfdhere, the spatial resolution of Distance, y (nm)

the reconstructed phase images has been limited to 25 nm (

to improve the phase resolution. The spatial resolution in
the tomogram is 25 nm in the-y plane, and 40 nm in the
z-direction, with a corresponding electrostatic potential
resolution of 0.2 \216 The potential distribution can be
assessed quantitatively to examine the effect of the specimen
surfaces by extracting information from voxels at defined
distances from the membrane surface. In particular, line
traces taken across the-p junction, which are shown in
Figure 3a, can be used to assess the depletion width and
built-in potential across the junction as a function of position -450 -300 -150 0 150 300 450
within the specimen.

In Figure 3a, the potential profiles across thergunction -
adjacent to the electrically inactive (but crystalline) near- Line traces taken from the
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surface layers (“top” and “bottom”) show a very slowly : b"_gg:“
varying electrostatic potential across the junction. In contrast, . t";'p e

_the middle qf t_he specimen s_hovys electrostau_c behavior that of the electrically active specimen
is characteristic of apn junction in a bulk semiconductér. — Theoretical profile

The width of the charge separation region (marked W in
Figure 3a) is expected to increase as the electrically activeFigure 3. (a) Line profiles of the electrostatic potential variation
dopant concentration decreases. The very slow variation inacross the junction extracted from the tomographic reconstruction
electrostatic potential observed at the surfaces of the acquired &a 3 Vreverse bias, quantifying the change in electrostatic

potential across the junction at the middle, top, and bottom of the
reconstructed volume therefore corresponds to the Cer]tralelectrically active region within the FIB-prepared membrane. The

sectign of the charge separatiorll r.egion in this part F)f the inset schematic illustrates the potential variation predicted for the
specimen, and the expected variation over a larger field of “top” and “bottom” traces over a larger field of view. The variation
view is illustrated in the schematic inset shown in Figure in electrostatic potential for an ideal, abrupt junction symmetrically
3a. The traces in Figure 3a show that there is a significant 40Ped with an active concentration of 4510 cm is shown
duction in the concentration of charge carriers near the to for comparison. (b) Line profiles of the electric field (calculated
re ; g A Pfrom the potential distribution using Poisson’s equation) associated
and bottom of the reconstruction, corresponding to an with the electrically biased n junction at the middle, top, and
electrically active charge concentration that is much lower bottom of the electrically active region within the FIB-prepared
than that measured in the middle of the specimen. The membrane. The theoretical profile for an active dopant concentration
_ _ : men o .
potential difference measured across the junction in the ©f 4-5 > 107 ¢m 3 is shown for comparison.
middle of the specimen is 38 0.2 V, which is consistent  charge density and electric field with theoretical calculations
with the theoretical built-in voltage plus &h3 V applied  for an abrupt p-n junction in a bulk semiconductor that is
reverse electrical bias. Poisson’s equation can be used taloped symmetrically with an electrically active dopant
calculate the electric field and the electricadlgtive dopant concentration of 4.5< 107 cm3. These results show that
concentration from each measured potential profile. Figure the electrically active dopant concentration for the biased
3b shows that the electric field in the middle of the membrane p—n junction in the middle of the specimen is 452 x
is consistent with that predicted for a bulk Sip junction 10 cm3, with the electrically active dopant concentration
to within experimental error. The electric field at the top dropping to zero at the top and bottom surfaces of the
and bottom of the electrically active region is negligible. The reconstructed volume. The best-fitting value for the electri-
scatter in the points in Figure 3b is relatively large due to cally active dopant concentration for the unbiased specimen
the need to differentiate the experimental potential profile is lower than that for the 2 @3 V electrically biased results,
to derive the electric field profile. Table 1 shows a as observed previously, for reasons that are not yet fully
comparison of the experimentally determined values for the understood’
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Framework Programme of the European Commission: En-
abling Science and Technology for European Electron
the Electrostatic Potential Associated with a FIB-prepared Si Mlc_:r.oscopy (ESTEEM) Cor\tract_ no. 0260019. W? _thank

p—n Junction with Theoretical Calculated Values for an Abrupt, Philips Research Laboratories, Eindhoven, for providing the
Bulk Si p—n Junction with the Active Dopant Concentration doped silicon wafer.

Defined in the Table

Table 1. Comparison of Quantitative Experimental Results
Obtained from the Middle of Tomographic Reconstructions of

Supporting Information Available: Materials and meth-

. . maXim‘}m ods, figures, references, movie (AVI). This material is
applied ~ charge density electrostatic electric available free of charge via the Internet at http:/pubs.acs.org.
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