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Abstract

Two-dimensional dopant profiling is being strongly demanded by the
semiconductor industry, and several techniques have been developed in recent
years. We compare the performance of electron holography in a transmission
electron microscope with other microscopic techniques. The advantages of
electron holography are the high spatial resolution of a few nanometres and the
direct interpretability of the measured two-dimensional electrostatic potential
requiring no simulation. We demonstrate the detection of a 0.5 monolayer of
boron in silicon and silicon germanium. We image a 35 nm wide potential
dip of 25 mV in a boron-doped specimen, corresponding to detection of a
2 x 10" B ecm™ dip between peaks of 2 x 10'® Bcm™. Moreover, we
illustrate directly by electron holography the existence of a potential barrier
at NiSi, precipitates in silicon, which was predicted earlier by the electron-
beam-induced current technique.

1. Introduction

Scanning probe techniques and other microscopic methods are widely used in the area
of semiconductors for characterization of semiconductor materials, crystal defects and
device structures. Because the precise placement of dopants is critical for the device
performance, techniques for two-dimensional dopant profiling are being strongly demanded
by the semiconductor industry. The 2001 ITRS Roadmap [1] requires resolution of 2 nm and
precision of 4% in the measurements of the dopant concentration by the year 2003. Several
scanning probe techniques aiming at 2D dopant profiling have emerged over the last few years.

Scanning spreading resistance microscopy (SSRM) measures the local resistance of the
specimen using a hard conductive tip with a small radius [2]. The achievable resolution,
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10-20 nm, is determined by the contact radius given by the tip sharpness [3]. A recent report
is given in [4]. A strong force has to be applied to make good contact between the specimen
and the tip, which leads to scratching of the specimen and rapid wear of the tip. The advantage
is that the method is quantifiable and has a high dynamic range of 10"°-10% ¢cm~3.

Scanning capacitance microscopy (SCM) measures the local capacitance or the
capacitance—voltage dependence of the specimen covered with a thin oxide layer [5]. Similarly
to the SSRM, the resolution reaching 10-20 nm depends on the tip radius and the interaction
volume with the specimen [3]. The technique is difficult to quantify since extensive simulation
of tip—specimen interaction is necessary. Moreover, a bias applied to the tip causes movement
in the junction. There are also problems with non-monotonic response to doping [6]. SCM is
useful for the analysis of low-doped specimens since the sensitivity decreases as the specimen
doping approaches the doping of the measuring tip.

The technique of electron-beam-induced current (EBIC) has also been used for delineation
of the p—n junction and for channel length measurement in field effect transistors, e.g. [7], and
even gives information on dopant profiles, e.g. [8]. Perovic et al [9] reported on dopant contrast
by using secondary electrons (SE) in a field emission SEM. The contrasts were interpreted in
terms of band bending effects between n- and p-doped layers. In [10] it was demonstrated
that this contrast effect could be used for obtaining 2D dopant profiles from the SE images
provided that the technique is empirically calibrated. Differently doped p-type regions can be
usually imaged but n-doped regions show extremely low contrast and energy filtering of SE
has to be used [11].

Electron holography is also a promising candidate for dopant profiling [12—15]. The
off-axis electron holography is based on the interference of a reference electron wave having
passed through vacuum and an object electron wave having passed through the specimen.
The interferogram is recorded with a CCD camera and evaluated by image processing
techniques [16]. The local phase shift of the electron wave is proportional to the local
electrostatic potential distribution across the p—n junction [14]. The phase image can therefore
be directly interpreted as a map of electrostatic potential, whereas the amplitude image
corresponds to the conventional bright field image (see below, e.g. figure 3).

Unfortunately, the performance of the above techniques does not meet the requirements of
the roadmap. Although even electron holography cannot fulfill the requirements completely, it
exhibits a better performance in some aspects (atomic resolution possible in principle, relative
ease of interpretation) as compared to the techniques described above. We demonstrate here
the detection of a boron sub-monolayer in Si and SiGe and the detection of potential gradient
of above I mV nm~!, spreading over an area of 40 nm x 100 nm. An example for application
of electron holography to P-MOS and N-MOS field effect transistors is also given. Moreover,
electron holography allows a direct visualization of space charges/depletion layers around
crystal defects. This will be shown here for small NiSi, precipitates in Si.

2. Demonstration of spatial resolution

As noted in the introduction, the achievable spatial resolution corresponds to the resolution of
TEM. Only small areas (around 20 nm x 20 nm) can be imaged with atomic resolution. For
larger objects, such as transistors, the resolution amounts to a few nanometres. In this section
we show that sub-monolayer boron sheets in silicon and silicon germanium can be successfully
imaged by using a Philips CM300/FEG microscope equipped with a Lorentz lens with a point
resolution of 2 nm. Figure 1(b) shows the phase image of a structure schematically described
in figure 1(a). The structure consists of MBE grown 90 nm thick layers of Si, Sip.95Geq.os,
Sip.90Geo.10, Sip.g5Geo. 15, and Sig g0Gep 20 with a 0.5 monolayer of boron in the middle of each
layer. The boron layers appear in the phase image as dark lines. The bright lines visible
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Figure 1. Scheme and phase image deduced from the electron hologram of a MBE grown structure
used for the test of spatial resolution. 0.5 monolayers of boron in between a 90 nm thick Si layer
and SiGe layers (5%, 10%, 15% and 20% of Ge) are visible as dark lines.

at the interface of the SiGe layers are artifacts caused by an undesired underfocusing. The
highest spatial frequency contained in the image is 1/7 nm~!. Electron holography images
the doping indirectly through electrostatic potential redistribution caused by charge carriers.
Therefore sub-monolayers of dopants are made visible due to their electrical activity spreading
over several nanometres. The resolution achievable by electron holography is thus limited not
by electron optics but by the Debye length.

3. Demonstration of detection limit and comparison to SIMS

Another important parameter is the detection limit which is related to the noise. The usual
noise level in the phase image corresponds to a potential of about 100 mV. However, in the
case of one-dimensional structures it could be reduced by about ten times by averaging. The
structure investigated here consists of several layers with different boron concentration. The
SIMS profile is displayed in figure 2(a), and the phase image is shown in figure 2(b). There
are nine peaks labelled ‘A’ to ‘J’ in the structure. The peaks ‘H’ and ‘J* are below the detection
limit of holography. Peaks ‘F’ and ‘G’ are rather faint, whereas peaks ‘A’ to ‘E’ are clearly
visible. A single linescan does not reveal the peaks ‘F’ and ‘G’. Averaging over at least
30 pixels (corresponding to linescan width of 100 nm) is necessary to filter them out of the
noise. The valley between peaks ‘G’ and ‘F’ is 25 mV ‘deeper’ than the peaks and the distance
between the peaks is about 80 nm. From these observations we conclude that a potential change
of about 25 mV spreading over 40 nm in a one-dimensional structure can be detected after
averaging over 100 nm. The ability to resolve peaks ‘G’ and ‘F’ corresponds to a detection
limit of a 2 x 10" B cm~* dip between ~2 x 10'® B cm~ peaks, which is—according to
our knowledge—the best sensitivity that could be achieved by holography so far for Si-based
structures.

Figure 2(a) shows a comparison of the potential calculated from the SIMS data with the
potential measured by holography (linescan averaged over 300 nm). The measured potential
corresponds very well with the calculated potential except for peak ‘A’. For such a high
concentration of boron (4 x 10?° cm™3) the amount of electrically active boron is smaller than
the total concentration measured by SIMS. Indeed, conventional electron microscopy reveals
nanoscopic particles, probably of boron silicide, in the position of layer ‘A’ (not shown here).
Determination of the portion of active boron from the hologram is hardly possible due to the
mixing of an ‘electrical’ signal from doped silicon and a ‘chemical’ signal from boron silicide
particles.
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Figure 2. (a) Boron concentration profile and potential profile of a CVD grown structure used for
testing the detection limit. See text for details about the calculated potential. (b) Phase image of
the structure. A very high sensitivity of 25 mV could be achieved allowing the visualization of
~10'® ¢cm~3 boron peaks ‘G’ and ‘F’ separated by a 1017 cm~3 boron valley. Only the peaks ‘H’
and ‘J’ are below the detection limit.

4. Application to MOS transistors

Figure 3 shows a comparison of conventional bright field images with holograms taken from
cross-sections of P-MOS (figures 3(a)—(c)) and N-MOS (figures 3(d)—(f)) transistors fabricated
with quarter micrometre technology. The conventional bright field images (figures 3(a), (d))
and amplitude images (figures 3(b), (¢)) show no contrast of the source/drain regions. The phase
images (figures 3(c), (f)) reveal clearly the p-doped (dark areas) and the n-doped (bright areas)
source/drain regions in P-MOS and N-MOS, respectively. The distribution of the electrostatic
potential—which can be straightforwardly deduced from the experimentally determined phase
image [14]—is related to the distribution of the dopant atoms. The specimen thickness was
measured from the amplitude image by the method published in [22] using the inelastic mean-
free path of 125 nm [23]. The potential drops across the p—n junctions in figure 3 were measured
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Figure 3. Cross-section images of P-MOS (a)—(c) and N-MOS (d)—(f) transistors. Conventional
TEM bright field images (a), (d) and micrographs deduced from electron holograms: amplitude
images (b), (e), and phase images (c), (f). The amplitude images contain basically the same
information as bright field images. The phase images clearly reveal p- and n-doping in the
source/drain areas.

to be 0.81 V for P-MOS and 0.64 V for N-MOS. These values are smaller than expected. One
would expect 0.9 V from the design rules of the transistor. The difference might be accounted
for by incorrect dead layer thickness (taken to be 25 nm [14] throughout this paper) or more
probably for a potential reduction due to electron illumination. This will shortly be discussed
below in the section on nickel silicide. The reason why the N-MOS does not have the same
potential drop as the P-MOS cannot be understood at present.

An advanced specimen preparation technique was developed [17] and applied successfully
for the preparation of more than 20 MOS, bipolar and heterobipolar transistors during the last
year.

5. Study of NiSi, precipitates in silicon

NiSi, precipitates in Si can be formed under suitable conditions without the occurrence of any
secondary defects, e.g. [18]. This allows one to use them as ‘model defects’ for studying the
electrical activity of metal silicide precipitates in Si. We could show with EBIC that small NiSi,
precipitates (diameter less than 1 pm, thickness about 10-20 nm) are efficient recombination
centres leading to surprisingly strong activity. For n-type Si doped with 4 x 10"* Pcm™ a
maximum contrast of about 0.4 was measured at room temperature [19]. Moreover, it was
shown that the minority carrier diffusion length Lp is related to the precipitate density Nggic
via Lp ~ 0.7 x NE_B]I/ 3. Hence, NiSi, precipitates form a dominant recombination path for
charge carriers.

As a possible reason for this large recombination activity, space charge regions (SCRs)
around the particles were proposed which could strongly increase the effective capture cross-
section for minority carriers. In other words, the strong activity of the precipitates is explained
as a consequence of Schottky barriers forming a potential barrier/band bending around the
particles. Recently, this hypothesis could be encouraged by a quantitative model [20]. From
investigations of the dependence of the EBIC contrast on temperature and beam current ¢ (7', 1y,)
the potential barrier ® was deduced [21]. & was found to depend on dopant concentration,
temperature and injection level. It decreased with growing injection level (beam current) and
the barrier in the dark was estimated to be about ® g, ~ 0.4-0.5 V at 300 K for a doping of
4 x 10" Pcm™3,
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Figure 4. (a) Phase image of a NiSi, precipitate in n-type Si viewed nearly edge-on. The rectangle
marks the area used for an averaged linescan. (b) Potential profile in a direction perpendicular to
the precipitate as indicated in the phase image. The potential barrier ® = Upglo ~ 0.15-0.20 V
and SCR are marked. The dotted part of the curve corresponds to the mean inner potential in NiSi;.
The jumps are due to the phase wrapping (i.e. phase shift ¢ larger than 27 is represented as ¢
modulo 27). The inset shows the unwrapped phase schematically.

Consequently, from quantitative EBIC investigations, Schottky barrier effects were
proposed as the origin of the electrical activity of NiSi, precipitates. However, according
to our knowledge a direct verification of this view has been missing up to now. Electron
holography seems to be a suitable tool for such a verification. Indeed, we observed a potential
decrease in the vicinity of NiSi, precipitates in an n-doped substrate, indicating the existence
of a potential barrier. Figure 4(a) shows a phase image of a precipitate viewed approximately
along the (110) direction. The specimen was tilted by about 10° off the zone axis to minimize
dynamical diffraction effects, but with the NiSi»/Si interface kept nearly edge-on. The dark
surrounding the precipitate corresponds to the lower potential. The linescan from the phase
image averaged over 100 pixels and calibrated to potential is plotted in figure 4(b). The
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Table 1. Comparison of two-dimensional dopant profiling techniques.

Method Resolution (nm) Measurement area  Quantifiable Dynamic range

Electron 5-10% 500 nm—1.3 um Yes High doping

holography (>10'8 cm—3)

EBIC 10° 1 pm to tens of um Limited

SE contrast 5-10 1 um to tens of um  Very difficult >10'6 ¢cm~—3
(empirical calibration)

SCM 10-20 1 pum to tens of um Extremely difficult Low doping
(empirical calibration)

SSRM 10-20 1 um to tens of um Yes 105-10% ¢m—3

4 Atomic resolution is possible in principle for potential mapping. Resolution in doping is limited
by the Debye length.
b Junction position.

dotted part of the curve corresponds to the mean inner potential in NiSi, (it is a chemically
sensitive signal). The jumps are due to so called phase wrapping: phase shift ¢ larger than
27 is represented as ¢ modulo 2. The inset shows the unwrapped phase schematically only,
without scale.

The height of the potential barrier can be estimated to be Upoo ~ 0.15-0.20 V from
the phase shift determined by holography and the specimen thickness. The thickness of the
silicon substrate was measured by CBED and amounts to (420 £ 20) nm. The dimensions
of the NiSi, precipitate are roughly 440 nm x 30 nm x 7 um according to measurements
from several projections of the particle. The height of the barrier deduced from holography
Uholo ~ 0.15-0.20 V is lower than the value ®4, ~ 0.4-0.5 V.

The specimen is excited by 300 keV electrons with a current density of the order of
1072-107% A cm~2. The excess electron—hole pairs being generated this way reduce the band
bending of the Schottky barrier which exists around the precipitate. They cause an open circuit
voltage, acting as a forward bias on the barrier. This voltage drop can be estimated from the
difference AU = ®gykx — Unolo to yield about 0.3 V. This rather high value is found for low
substrate doping (4 x 10~'* cm™3). It corresponds quite well to the value estimated from
the relation [24] AU = kT /eln(l + Jg/Js), where kT /e is the thermal voltage, Jg is the
generation current (1073 A cm™2) and Jg denotes the reverse current (1072 A cm™2) of the
Schottky barrier. For a highly doped p—n junction (5 x 10'® cm~3) we observed a voltage drop
of AU ~ 0.18 V [23], which is smaller than the value found here. This is in agreement with
our observation discussed in section 3.

Hence, due to the generation of excess carriers by the incident electrons the potential
deduced from holography is smaller than the built-in potential. Consequently, a simple
straightforward interpretation of the phase may lead to errors in the absolute measurements of
potential.

6. Conclusions

Although there is no technique that can fulfill the requirements of the ITRS Roadmap, SCM,
SSRM and electron holography are fast approaching them. Exact quantitative comparison
of the methods is not possible since the techniques use different principles and different
approaches to the issues like resolution and sensitivity. We summarize the comparison in
table 1.

Using electron holography we detected a 0.5 monolayer of boron in silicon and silicon
germanium. We imaged a 35 nm wide potential dip of 25 mV in a boron-doped specimen,
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corresponding to detection of a 2 x 10'7 B cm™3 dip between ~2 x 10'® B cm™ peaks.
There are still several problems in electron holography such as specimen charging and excess
carrier generation under electron illumination which affects the built-in potential, the ‘dead
layer’ at the specimen surfaces, and the dynamical diffraction contribution to the measured
phase (mechanical stress in the specimen, bending of the specimen, disturbance due to crystal
defects).

Schottky barriers at NiSi, precipitates in silicon as predicted by EBIC could be confirmed
by electron holography allowing a direct imaging of the potential barrier.
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