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Field emission gun (FEG) nanoprobe scanning electron transmission microscopy (STEM) techniques
coupled with energy dispersive X-ray (EDX) and electron energy loss spectroscopy (EELS) are evaluated
for the detection of the n-type dopant arsenic, in silicon semiconductor devices with nanometer-scale.
Optimization of the experimental procedure, data extraction and the signal-to-noise ratio versus
electron dose, show that arsenic detection below 0.1% should be possible. STEM EDX and EELS spectrum
profiles have been quantified and compared with secondary ion mass spectrometry (SIMS) analyses
which show a good agreement. In addition, the arsenic doping level found inside large and small
epitaxial devices have been compared using STEM EDX-EELS profiling. The average doping level is found
to be similar but variable interface segregation has been observed. Finally, STEM EDX arsenic mapping
acquired in a BiCMOS transistor cross-section shows strong heterogeneities and segregation in the
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1. Introduction

The detection and quantification of 2D dopant distributions
with high spatial resolution are critical in order to understand the
electrical performance of semiconductor devices. The dopant
distribution is a key parameter which must be understood to
optimize future device design through improved simulations.
Nowadays, the required resolution to map dopants is in the
nanometer-scale. Transmission electron microscopy (TEM) is in
principle a very good candidate for dopant profiling if one
considers its unsurpassed spatial resolution (atomic scale).
However, to our knowledge, there is no publication showing the
observation of dopants using classical bright field (BF) TEM
imaging, with the exception of when coupled with chemical
junction delineation (Siegelin et al., 2008). The reason is that the
dopant contrast is very weak and masked by the dynamical
diffraction effects due to strain, sample thickness variation and
silicon crystal defects.

During the last decade, off-axis TEM electron holography has
been used to record both phase and amplitude of transmitted
electron images (Rau et al., 1999; Cooper et al., 2007). As the phase
of an electron is sensitive to the electrostatic potential, the contrast
from p-n junctions can be revealed using this method. Other
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methods that record the electrostatic potential use near field
microscopy techniques such as Scanning Capacitance (SCM) and
Scanning Spreading Resistance Microscopy (SSRM) (Eyben et al.,
2007). Secondary Ion Mass Spectrometry (SIMS) is also a highly
sensitive technique for the direct detection of dopants down to
10" at. cm 3. A recent and powerful technique for the detection of
dopants is Atom Probe Tomography (APT) (Gault et al., 2006; Kelly
and Miller, 2007; Thompson et al., 2007).

Regarding the literature, there are few publications on the
subject of arsenic dopant distribution analysis by scanning
transmission electron microscopy (STEM). Some authors use
the Z contrast (Pei et al.,, 2008; Macaulay et al.,, 1993), which
they evaluate to be limited to concentration above 1%
(5 x 10%% at. cm~3) (Parisini et al, 2008). Most of the papers
concern Energy Dispersive X-ray spectroscopy (EDX) (Wang et al.,
2001; Tsuneta et al., 2002; Topuria et al., 2001; Carpenter et al.,
1999) and very few discuss Electron Energy Loss Spectroscopy
(EELS) (Topuria et al., 2003). The sensitivity of these techniques
was the limiting factor for the detection of low concentrations of
dopants. However, analytical STEM hardware and methods have
been improved during the last 10 years by the introduction of field
emission guns, high brightness sources, probe correctors, and new
spectrometer detectors. In addition the electrical and mechanical
stability of the microscopes has been improved. Moreover, the
latest generations of silicon devices have very high dopant
concentrations which should prove to be easier to detect.
Therefore, STEM EELS and EDX for dopant analysis distribution
in highly doped p-n junctions should be re-evaluated due to the
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excellent spatial resolution available in modern TEM microscopes.
In this paper, we have tried to optimize as much as possible the
experimental parameters of STEM EELS and EDX analyses in order
to push the sensitivity of the technique to be able to detect lower
dopant concentrations. We will demonstrate the capability of
STEM EELS and EDX to provide maps of dopants for real devices.
We examine possible dopant concentration variations versus
pattern dimension (for instance, size effect during epitaxy). Finally,
STEM EDX mappings on Heterojunction Bipolar Transistors (HBTSs)
devices shows dopant heterogeneities and segregations that have
been observed with nanometer-scale resolution and sensitivity

below 0.1%, i.e., as low as 10'° at. cm .

2. Experimental

The analytical STEM EELS and EDX experiments were performed
using a FEG TECNAI F20 microscope with a Gatan energy filter GIF
200 and an EDAX detector. Experiments and processing were made
using the EMISPEC TIA software and EELS quantification using Gatan
Digital Micrograph software. The As doped Si samples were grown
using CVD epitaxy (Borot et al, 2007). STEM EELS and EDX
spectroscopy were used to investigate the As doped Si emitter part
of SiGe-HBTs which fabrication process is explained elsewhere
(Avenier et al., 2008). Samples were prepared using a gallium
focused ion beam (FIB) in a dual beam FEI HELIOS with a final
cleaning at low energy (5keV). The lamella thickness were
measured in EFTEM imaging mode using t/A = In(Itota/lEiastic)
knowing that the inelastic mean free path at 200 keV is about
150 nm in silicon (Delille et al., 1999). The probe current I(nA) was
measured on the phosphorous screen in FEI TECNAI microscope:
I(nA) = (2.15x(emulsion))/(exposure time (s)).

For EELS, the FEG source was adjusted at 3800V extraction
voltage and gun lens 8. In these conditions (and this is valid for all
FEI FEG microscopes: CM, TECNAI, TITAN), the EELS spectrum is
clean above 1000 eV because the parasitic FEG gun lens electrons
are displaced below that energy.

STEM EELS and EDX results on As doped emitter part of SiGe-
HBT were compared to SIMS measurements performed on
300 wm x 300 wm test structures. SIMS experiments were
achieved using a ADEPT 1010 model from Physical Electronics
with 1.5 keV Cs* ion beam at 60° incidence angle.

3. STEM EELS/EDX spectrum background and signal-to-noise
ratio

Here we analyze and compare the different characteristics of
STEM EELS and EDX spectroscopy. The final objective is to optimize
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as much as possible the detection limit taking into account their
respective properties. STEM EELS and EDX are two complementary
techniques: in EELS, the direct ionization of core electron is
detected and quantified in the spectrum, whereas, in EDX, the
resulting electron-hole recombination leads to X-ray photons
detected in the EDX spectrum. However, the two techniques differ
from their respective detection geometry and detectors sensitiv-
ities. STEM EELS and EDX spectrum have also different character-
istics if one considers the ionization edges signature, the energy
resolution and the background levels.

3.1. STEM EELS/EDX spectrum background issue

First let us observe the typical EELS/EDX spectrum background
(intensity level and energy dependence) and their respective signal
and noise behaviour. Fig. 1 presents STEM EELS spectra obtained at
200 keV electron energy on 3.7% (18.5 x 10%° at. cm3) and 0.7%
(3.5 x 102%at.cm™3) As doped Si samples for (0.8nA x 10s)
electron dose. The EELS As-L,3 ionization threshold energy is
1323 eV and this edge is superimposed with a high background
which must be subtracted by extrapolating a power law (E™"). In
Fig. 1(a), (Si-As 3.7%), the As-L edge is clearly detected. On the
contrary, in Fig. 1(b), (Si-As 0.7%), the As-L edge is visible only if an
accurate background extraction is carried out (see inset from
Fig. 1(b)). Fig. 2 presents different EDX spectrum obtained at
120 keV on a Si-As doped (0.7% As) using variable exposure time
and for 0.9 nA beam current. We only present the window around
the As Ko peak. In Fig. 2(a), for a low dose (0.9 nA x 3s), the
spectrum intensity is very low, the background level is around one
count and the As Ko signal is only few counts. The As Ko is visible
but possibly below the detection limit due to the background
noise. Increasing progressively the exposure time and dose in
Fig. 2(b) (0.9 nA x 30s) and Fig. 2(c) (0.9 nA x 120 ), the As Ka
becomes more and more detectable. This clearly shows that the
way to increase arsenic sensitivity and lower the detection limit is
to increase the dose. Contrary to EELS, the background extraction is
not really a problem since its level is flat and low. This is the reason
why EDX experiments in this paper were done at 120 keV since for
high dose at 200 keV, the electron beam will damage the sample
over the relatively long acquisition times used here. The platinum
peaks that are observed in the spectra from Fig. 2 come from the Pt
FIB sample capping.

3.2. STEM EELS/EDX signal-to-noise ratio

The signal-to-noise ratio (S/N) versus electron doses for STEM
EDX (120 keV) and STEM EELS (200 keV) has been assessed for the

1304 (b) 25000 Aslas Asly
- | W]
S ]y
- 1\ !
x \ i
E \ 0 hopded
= i 1200 4 T 1e00
£ 70+ / !
z - WALy Si-K
2] B N // 1{ ST
o \/ |
g . 7-\'}\1‘.5_}\ i
O | Backg- /TS|
removed / i S
|
!

Energy Loss (eV)

Fig. 1. 200 keV As-L, 3 EELS spectrum and background removed from (a) 3.7% (18.5 x 10?° at. cm—>) As doped Si layer, (b) 0.7% (3.5 x 10%° at. cm~3) As doped Si layer. The

inset is a zoom on the As-L; 3 peak.
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Fig. 2. (a) EDX spectra obtained at 120 keV on a 0.7% As doped Si for different increasing electron doses (a) (0.9 nA x 3 s), (b) (0.9 nA x 305s), (c) (0.9 nA x 1205).
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Fig. 3. (a) STEM dark field Z contrast image of a 50 nm 3.7% (18.5 x 10%° at. cm~3) As doped Si epitaxial layer. The line scan profile is indicated by the white arrow. (b) and (c)
EDX As Ko and EELS As-L intensity line profiles performed on a 3.7% As doped Si layer with (0.9 nA x 3 s) and (0.3 nA x 3 s) doses, respectively. The signal and noise

definitions are explained in (b) and (c).
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Fig. 4. (a) 200 keV STEM EELS signal-to-noise ratio versus v/D acquired on a 0.7% (3.5 x 10%° at. cm~3) As doped Si for 300, 150 and 50 eV background and signal extraction
energy windows. (b) 120 keV STEM EDX S/N versus the dose acquired on a 0.7% (3.5 x 10° at. cm~3) As doped Si for the As Ko, KB and As-L peaks.

same sample. Fig. 3 shows examples of STEM EDX and EELS line
profiles and the method to measure the signal and noise on such
profiles is indicated. Fig. 3(a) presents a 50 nm 3.7% As doped Si
observed in STEM Z contrast mode; the arrow indicates the place of
the line scan profile. Fig. 3(b) and (c) present the STEM EDX As Kot
and EELS As-L intensity profiles obtained for (0.9 nA x 3 s)/pixel
and (0.3 nA x 3 s)/pixel, respectively. In Fig. 3(b) and (c), the
definitions of noise (N) and signal (S) measurements are shown.
The total noise (N) is assumed to be the addition of As signal noise
(Ns) plus Si background noise (Ngyg) and the signal-to-noise S/N is
calculated:

S S

N~ Npyg + Ns

In these profiles and more generally for dopant analysis, it is
important to acquire enough data points inside the pure silicon in
order to calibrate the As signal, where the averaged arsenic signal
is S = 0. This will improve the EDX-EELS background extraction and
will give a reliable zero reference for arsenic quantification.

Fig. 4(a) presents 200 keV EELS S/N measurements versus v/D =
VI x t (D is the dose, I the beam current in nA and t the exposure
time in s) for the extraction of three energy windows (50, 150 and
300 eV, where in each case the width of the background window is
the same as the signal window). The electron doses range from
(0.3 nA x 0.1s) to (0.3 nA x 30s). The STEM EELS signal-to-noise
ratio is linear with respect to v/D, which will be expected from
statistics. This indicates that EELS signal acquisition and signal
extraction are of high quality, with the exception of the narrow
50eV window. STEM EELS appears to be a very accurate
spectroscopy mode for low electron doses (short exposure time)
since the As-L edge signal-to-noise ratio rapidly reaches high
values (~5) for doses as low as (0.3 nA x 10 s). Since the EELS S/N is
higher than 5 in a 0.7% As doped Si sample, the arsenic detection
limit is about 0.2% (10%° at. cm™3). The reason why in Fig. 4(a) the
signal-to-noise ratio seems to saturate for v/D > 1.7 is possibly due
to radiation damages and in this case a too large integration
window (300 eV) is no more optimum.

STEM EDX spectrum profiles were acquired at 120 keV on the
same 0.7% As doped Si specimen for doses ranging from
(09nA x1s) to (0.9nA x 60s). As Ko, KB and As-L peaks
intensities are integrated over [10.36, 10.76 keV], [11.55,
12.00 keV] and [1.23, 1.38 keV] energy windows, respectively.
Fig. 4(b) presents the EDX S/N experimental results versus +/D for
the As Ko, K3 and As-L peaks. The improved signal-to-noise ratio
is obtained for the As Ka. The As-L peak is intrinsically more

intense but at its energy (around 1 keV), the Bremsstrahlung
background is high. The signal-to-noise ratio increases linearly
versus v/D up to doses as high as (0.9 nA x 60 s). On this 0.7% As
sample, the As Ka signal-to-noise ratio is about eleven for a dose
(0.9 nA x 60 s). This suggests that the detection limit s in this case
better than 0.1%. Since no saturation occurs at 120 keV, the dose
can still be increased using active drift corrected STEM line profile
analysis.

4. STEM EELS/EDX quantification method

As a first step, we have calibrated both the STEM EELS and EDX
using a very well known Si(Ge) reference sample. We used
different quantification methods. First, since we have a very good
Si(Ge) reference specimen calibrated using XRD and SIMS, we
adjusted EELS and EDX from the Si(Ge) system (transitions Si-K and
Ge-L for EELS and Si-K Ge-K for EDX). We then considered that the
Si(As) system is nearly equivalent to Si(Ge) (i.e., we used the same
cross-section and K-factor for As and Ge atoms). Additionally,
Si(Ge) reference and Si(As) buried layer were also quantified in
EELS spectroscopy by Digital Micrograph (DM) Gatan software
with Hartree-Slater cross-sections. A comparison between Si(Ge)
and Si(As) quantification using K-factors and DM software are
indicated in Table 1.

The very accurate Si(As) quantification confirms that As and Ge
have similar cross-sections.

The atomic concentration ratio between two elements A and B
is related to the measured intensities ratio (I, Iz) by the Cliff-
Lorimer equation (Cliff and Lorimer, 1975):

C
Fg: kas

I

In our case, A will be either arsenic or germanium and B is
silicon, kag is the sensibility factor which depends on the
acceleration voltage, STEM EELS and EDX experimental parameters

Table 1
STEM EELS As quantifications using K-factor (with a Ge reference sample) and
Hartree-Slater cross-sections from DM Gatan software.

Quantification Sample

Si(Ge)3.9% Si(As)3.7% Si(As)0.7%
K-factor 3.9%rer 3.75% 0.75%
DM Gatan 3.7% 3.85% 0.8%
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Fig. 5. (a) STEM image from a lamella cross-section extracted in the SIMS test structure with the stack under analysis. The positions of the STEM EELS and EDX line profile are
indicated by the white arrow. (b) TEM image of a HBT with the same stack (Si(Ge)/Si(As) epitaxy) than the SIMS test structure. The position of the STEM EELS and EDX line

profile are indicated by the white arrow.

and data processing (i.e., the EELS energy integration windows).
The thicknesses of the specimens were always in the range of
150 £ 50 nm and the sensitivity factor was considered stable for this
thickness range. For STEM EDX, we assumed the specimens to be thin
enough to ignore any absorption or fluorescence phenomena. We
found the 120 keV STEM EDX sensibility ke = kas to be equal to 1.1
for Ge-K and Si-K. In the case of 200 keV STEM EELS analysis, we used
a 50 wm C2, a STEM spot size 3 and a camera length 30 mm. Ge-L and
Si-L integration windows widths are chosen to be 300 and 170 eV,
respectively and, in this case, EELS sensibility factor is found to be
around 13.

5. Experimental applications in silicon devices

For a long time it has been suspected that during processing, the
size of features will influence the actual dopant concentrations in
the devices, especially for epitaxy. These effects could not be
experimentally evaluated up to now since no accurate dopant
analysis and quantification techniques with nm-resolution existed.
Here we reveal that it is now possible to measure the dopant
concentration as a function of the structure size. The STEM EELS
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and EDX were calibrated by comparing the results with SIMS
analysis obtained on a large As doped Si epitaxial structure
(300 wm x 300 pm). EELS and EDX were then performed on actual
BiCMOS transistors.

5.1. EELS/EDX quantification comparison with SIMS in large structure

Fig. 5(a) presents a STEM image from the lamella cross-section
extracted from a SIMS test structure integrating a Si/Si(Ge)/Si(As)
stack. Fig. 5(b) shows the TEM image of a BiCMOS transistor using
an identical stack which had been epitaxially grown on the same
wafer. Both stacks comprise from bottom to top, a Si substrate, a
20 nm Si(Ge) layer, followed by a 10 nm undoped Si layer and
finally a 200 nm Si(As) layer. These have been examined for two
different epitaxial processes. In Process 1, the substrate surface
was saturated with arsenic (AsHs gas without SiH,) before starting
the Si(As) epitaxy. Then, the film was grown with AsHs and SiH,4
constant fluxes at 650 °C. In Process 2, AsH; and SiH, gases were
introduced at the same time and kept at constant flow (i.e., the
arsenic concentration in silicon was gradually increased by
progressive surface saturation). First STEM EELS and EDX profiles
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Fig. 6. (a) and (b) SIMS profiles (grey lines) performed in the SIMS test structure (300 um x 300 wm) for Processes 1 and 2. 200 keV STEM EELS profiles (black lines) performed

in the same test structure.



548

12
Process 1
SIMS Box

Ge

As concentration (at.cm-3) x 1020

4 I

3

0 (...~ _lo
0 55 110 165 220

Pasition (nm)

Fig. 7. (a) and (b) SIMS profiles (grey lines) performed in the SIMS test structure (300 pm

in the same test structure.

were acquired on TEM lamellae prepared from the test structures
for each of the differently processed wafers in order to compare the
results with SIMS.

In Fig. 6(a) and (b), the SIMS profiles are indicated by grey lines
for Processes 1 and 2. These profiles are then compared in Fig. 6(b)
with 200 keV STEM EELS line scans indicated using black lines. The
STEM EELS profiles, quantified using the method presented
previously, fit very well with the SIMS profiles. These results
suggest that the quantification method is accurate. Moreover,
despite that the analyzed area is in nanometer range, the STEM
EELS is sensitive enough and not too noisy to be compared with
SIMS. However, we should note that for Process 1 shown in
Fig. 6(a), the SIMS profile shows a peak near the Si undoped/As
doped interface. This peak is not observed in the STEM EELS profile.
This will be discussed later. The STEM EELS profile also seems to
have a better resolution which is revealed by a sharper Ge peak.
These results are promising for arsenic detection and quantifica-
tion on small devices. This shows that STEM EELS could be used to
determine doping uniformity with nm-resolution.

In Fig. 7(a) and (b), the SIMS profiles acquired for Processes 1
and 2 are shown again. These profiles are compared in Fig. 7(a) and
(b) to the 120 keV STEM EDX profiles indicated by the black lines.
The general arsenic gradient trend is reproduced in the EDX
spectrum profiles but the quantification, in particular for Process 1,
is not in good agreement with SIMS. The profiles were acquired
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x 300 wm) for Processes 1 and 2. 120 keV STEM EDX profiles (black lines) performed

three times from the same location and we have observed for EDX
quantification important fluctuations and errors +30%. This point is
discussed later in the general discussion. The same conclusion for
EELS concerns also the fact that for Process 1, the interface peak is not
observed in EDX. This point will also be discussed later.

5.2. Comparison of arsenic doping in large and small devices (BiCMOS
transistor)

Fig. 8(a) and (b) presents a comparative study of 200 keV STEM
EELS profiles acquired from large test structures (grey lines) and in
BiCMOS transistors (black lines) for Processes 1 and 2. In the
BiCMOS transistor, the Si(As) layer is thinner (100 nm) than in the
SIMS box structure due to a different process (etching and
lithography). This is the reason why As profiles are shorter in Fig. 8.
For Processes 1 and 2, the quantification of the STEM EELS in the
test structure and in the BiCMOS fit well. No dimensional effects
during epitaxial layer growth have been detected. Nevertheless the
STEM EELS profile obtained on the wafer with Process 1 clearly
shows an As segregation at the intrinsic layer/Si(As) interface.

Fig. 9(a) and (b) shows 120 keV STEM EDX profiles acquired on
test structure (grey lines) and BiCMOS (black lines) for Processes 1
and 2. As explained on Fig. 7(a) and (b), the STEM EDX
quantification is somehow unstable (see Section 6). This is
probably the reason why the profiles differ from the acquisition
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Fig. 8. (a) and (b) 200 keV STEM EELS comparative study between profiles acquired in test structures (grey lines) and in HBTs (black lines) for Processes 1 and 2.
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Fig. 9. (a) and (b) 120 keV STEM EDX profiles acquired on test structure (grey lines) and HBTs (black lines) for Processes 1 and 2.

in the large structure. Nevertheless, the shape of the profile and the
concentration range are still coherent with the expected values.
The arsenic segregation at bottom interface is also observed for
Process 1.

To summarize, we do not see a global arsenic concentration
variation between large and small devices. On the contrary, for
Process 1, concerning the bottom interface segregation arsenic
peak, the EDX and EELS profiles show a difference between the
large and small devices. This suggests that the first AsHs flash used
in Process 1 will saturate more efficiently the initial interface
inside small devices than in large devices.

5.3. Control of the arsenic dopant distribution homogeneity in nano-
devices

Dopant heterogeneities, such as segregation, in the emitter part
of a bipolar transistor are undesirable since they can drastically
affect their performance. Fig. 10(a) and (b) shows a TEM image and
120 keV STEM EDX profile acquired vertically across the emitter
and base of a HBT. For this STEM EDX profile, the dose/pixels is
(1 nA x 305s). In the bottom part of the emitter, the As concentra-
tion is about 0.3% (1.5 x 10%° at. cm3). A strong segregation with a
1% (5 x 10%° at. cm~3) As peak is recorded at the epitaxial interface
(point 2 in Fig. 10). This arsenic heterogeneity was not expected
and can lead to bad performance of the device. In order to get a
better and complete knowledge about arsenic doping heterogene-

ities distribution in the BICMOS transistors, we have also acquired
120 keV STEM EDX maps on the emitter part of another BiCMOS.

Fig. 11(a) shows the TEM image of this BiCMOS, showing
polysilicon grain boundaries in the emitter. Fig. 11(b) presents a
120 keV STEM EDX map acquired in the center of the emitter for a
resolution of 100 x 100 pixels (spectrum). The electron dose used
in this experiment was (1 nA x 5s) per pixel for a total of 14 h
acquired in four runs and recombined as a mosaic map. Arsenic
distribution heterogeneities are clearly detected in particular
segregation at the grain boundaries and at the spacer (SisN4) edges.
Furthermore, a depleted As region is shown at the bottom of
emitter, just above the intrinsic layer and the Si(Ge) base. The
observation of the arsenic map suggests that at the bottom of the
emitter during the beginning of the Si(As) epitaxy growth, the
arsenic does not incorporate well in the bulk. The As was then
pushed to the top emitter because the Si surface gradually
saturates with a high As concentration during growth. Finally, the
top of the grain has a high As concentration. Also, the As
accumulates on the spacers giving a higher concentration in this
area. The profiles extracted from the emitter/base region are very
different at the center and edge of the BICMOS device. This can lead
to electron injection behaviour variation from edge to center.
Those results are of important to better understand the electrical
performance and can be used for improving devices simulations.

In order to quantify the arsenic heterogeneities in the complete
emitter and at the grain boundaries, 120 keV STEM EDX profiles

6 15

As Concentration (at.cm=3) x 1020
Ge Concentration (at.cm3) x 102!

b) Position (nm)

Fig. 10. (a) TEM image of a HBT region of interest consisting of an As gradient in the emitter part and Ge in the base. The white arrow indicates the EDX profile and positions 1, 2
and 3 are reported on the following graph. (b) 120 keV STEM EDX profile vertically acquired across the emitter (point 1) and base (point 3) of a HBT. An As segregation is

revealed by the EDX profile at the interface with the Ge base (point 2).
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Fig. 11. (a) TEM image of another HBT showing polysilicon grain boundaries in the emitter. The dashed square is the region of interest where an As EDX mapping is performed.
(b) 120 keV STEM EDX mapping acquired in the center of the emitter part of a HBT with (1 nA x 5 s/pixels) dose for around 100 x 100 pixels. The As segregation is clearly
revealed at the spacer edges and at the polysilicon grain boundaries. An As depleted region is also visible at the interface with the base.

As Concentration (at.cm‘3) x 10%°

(a)

(b)

I
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160
Position (nm)

0 80 240

Fig. 12. (a) TEM image of the same HBT than in Fig. 11(a). The white arrow indicates the EDX profile and positions 1, 2 and 3 are reported on the following graph. (b) 120 keV
STEM EDX profile acquire vertically along the HBT showing the As segregation at the grain boundaries (point 1) and the As depleted region (point 2) at the Ge base interface

(point 3).

performed vertically across the BiICMOS are presented in Fig. 12. A
high As concentration plateau in the top emitter region (around
3 x 10%°at.cm3) is observed. The EDX profile confirms the
arsenic segregation at the grain boundaries (point 1). The As
depleted region (point 2) is also shown near the bottom of the
interface between the emitter and the base with a concentration
about 5 x 10'® at. cm~3, this corresponds to an arsenic detection of
0.1%. It has been clearly shown that this signal is detectable when
comparing the undoped regions below the base.

6. Discussion

Nanoprobe STEM spectroscopy dopant analysis requires a high
electron beam current. In this paper, we have not fully considered
the radiation damage which will clearly exist for 200 keV electrons
on silicon. This is out of the scope of this paper and will be the
subject of a complete study in a future publication. However, EELS
spectroscopy is a sensitive technique which gives good signal-to-

noise ratio for low doses (see Fig. 4a). For this reason EELS analyses
have been performed at 200 keV. On the contrary, EDX spectro-
scopy is not sensitive at low dose (see Fig. 2a) but, due to low
background, the signal-to-noise ratio increases without saturation
when the dose increases. This is why 120 keV was chosen in this
work for EDX high dose analysis.

STEM EELS is proven to be a technique which can be very
reliable and calibrated for quantification. On the contrary, for STEM
EDX, some experimental parameters and phenomena induce
erratic fluctuations of about +£30% (variable absorption depending
on X-ray energy and sample thickness, channelling/diffraction effect
in mono crystal, detector counting rates and dead times ...). The
applications presented in this paper are encouraging for examining
arsenic doping inside structures as small as 10 nm, especially when
compared to the micrometer-scale structure needed for SIMS
analysis. The As distribution and segregation in devices should be
more frequently characterized in order to improve the knowledge of
devices behaviour and simulation models.
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7. Conclusion

Two-dimensional As dopant maps have been provided for real
nm-scale devices with nanometer resolution using STEM EELS and
EDX spectroscopies using a classical uncorrected FEG TEM. The
sensitivity limit is found to be approximately 0.1%. Accurate
quantification for STEM EELS has been demonstrated by compar-
ison to a reference sample and SIMS analysis. Large structures have
been compared to nanometer devices to verify the doping level
variation. It is concluded that the doping level is the same but
segregation at the initial epitaxy surface is different. Other devices
analyzed (BiCMOS transistor) show heterogeneity in the distribu-
tion of arsenic with segregation at grain boundaries in poly silicon
and at SisN4 spacer surface. A depleted area near the emitter/base
interface is observed due to the incorporation kinetics of arsenic in
silicon during epitaxy.
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