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ARTICLE INFO ABSTRACT

Keywords: This study investigates the impact of the surface electric field on the quantification accuracy of boron (B)
Atom probe tomography implanted silicon (Si) using atom probe tomography (APT). The Si Charge-State Ratio (CSR(Si) = Si?*/Si*) was
Semiconductor used as an indirect measure of the average apex electric field during analysis. For a range of electric fields, the
E{Zg:rlic field accuracy of the total implanted dose and the depth profile shape determined by APT was evaluated against the
Dopant National Institute of Standards and Technology Standard Reference Material 2137. The radial (non-)uniformity

of the detected B was also examined. At a higher surface electric field (i.e., a greater CSR(Si)), the determined B
dose converges on the certified dose. Additionally, the depth profile shape tends towards that derived by sec-
ondary ion mass spectrometry. This improvement coincides with a more uniform radial B distribution, evidenced
by desorption maps. In contrast, for lower surface electric fields (i.e., a lower CSR(Si)), the B dose is significantly
underestimated, and the depth profile is artificially stretched. The desorption maps also indicate a highly
inhomogeneous B emission localized around the center of the detector, which is believed to be an artifact of B
surface migration on the tip of the sample. For the purposes of routine investigations of semiconductor devices
using APT, these results illustrate the potential origin of quantification artifacts and their severity at different
operating conditions, thus providing pathways towards best practices for accurate and repeatable measurements.

Surface migration

1. Introduction

The ability to reliably characterize dopants within site-specific re-
gions of a device is of significant interest to the semiconductor industry,
as outlined in the International Roadmap for Devices and Systems
(IRDS) [1]. Since the concentration and spatial distribution of impurities
influence the electrical and optical properties of a device, assessing local
defects in dopant architecture (e.g., in/out diffusion, clusters, and
segregation) is essential for understanding the operational efficiency.
For instance, the depth profile of implanted boron (B) in several
matrices, such as silicon (Si), is known to be prone to broadening. This is
characterised by a large shoulder in the concentration profile towards
the substrate, which is a result of a diffusion-driven process during
post-implantation annealing [2,3]. Effects such as diffusion, amongst
others, can have detrimental consequences on the effective functionality
of a device (e.g., threshold voltage variance [4] and electrical activation
of dopants [5]) and restrict the ability to fabricate highly localized
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doped regions. As B is the most widely used p-type dopant in Si-based
semiconductor devices, the ability to accurately quantify B content,
down to several atomic parts per million, is crucial when evaluating
deficiencies/enhancements in the performance, and/or assessing the
manufacturing quality. However, this scope of investigation can be
challenging due to the geometric complexity and continued miniaturi-
zation of individual components in micro-devices.

Atom probe tomography (APT) is a material characterization tech-
nique that has the potential to meet the demands of the IRDS given its
unique ability for chemical mapping of three-dimensional features at the
nanoscale [6]. However, the integrity of the collected data can often be
reduced by measurement artifacts. To some extent, this has currently
limited the widespread applicability of APT. In particular, preferential
detection losses may cause compositional biases that impede rigorous
quantification of certain elemental species (e.g., C [7-9] and B [7,
10-12]). Such losses can occur during an experiment (i.e., due to
physical processes) or because of limitations in the data treatment
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process. In general, for dopants in semiconductors, APT quantification
accuracy is assessed by agreement with other techniques, primarily
secondary ion mass spectrometry (SIMS).

The quantification accuracy for the B dopant in Si using APT has
been reported with varied results; some studies show good accuracy (i.
e., concentration profile agreement with SIMS) [13-16], while others
report detection losses ranging from 10 to 50 % [7,10,12,17-19] as well
as implant profile shape deviations compared to that which is expected
[11,12,19-22]. Issues regarding the quantification accuracy may stem
from complex field evaporation mechanics, believed to be a conse-
quence of the significant differences in the field evaporation thresholds
between the relatively high-field B impurities and the low-field Si matrix
[18]. As such, B tends to be preferentially retained on the apex until the
specimen reaches a sufficient surface enrichment [10,12,23], after
which the evaporation of B is facilitated through local field enhance-
ment by neighbouring atoms [12,24]. For an implanted Gaussian dopant
profile, this predisposition for non-stoichiometric evaporation results in
a comparatively elongated depth profile shape compared to a
SIMS-acquired measurement.

Another artifact to consider is the degradation of the radial unifor-
mity because of B atoms migrating across the specimen surface. In APT
data, this typically manifests as an artificial enrichment of such solute
atoms within the high-field regions (e.g., crystallographic poles and
zone axes). Surface migration has been observed experimentally using
field ion microscopy (FIM) [25,26] and investigated for various material
systems including B-doped Si [12,23,27] and a number of solutes (e.g.,
N, C, P) in Fe and Ni [25,28], among others [29-31]. Some results
suggest that it is a thermally-activated, field-driven process, such that a
higher laser pulse energy and/or specimen base temperature increases
the probability for migration. For instance, Tu et al. [23] showed that
migration is enhanced by high laser pulse energies for B-doped Si. With
an increase in laser power, elemental maps showed the B distribution to
be less homogenous and localized at grain boundaries, an artifact that is
attributed to migration and subsequent evaporation from these
high-field regions. Conversely, Oberdorfer et al. [31] employed a com-
bined finite element and molecular dynamics simulation, where spec-
imen temperature was not considered, to model the surface migration
tendency of Cu in an Al matrix. Their simulation results, validated by
experimental observations, suggest athermal relaxation as a primary
mechanism. In short, the Cu atoms migrate to the crystallographic poles
through a series of relaxation events to energetically preferred neigh-
bouring sites vacated by preferentially evaporated Al atoms. Thus,
migration can be considered as a complex phenomenon, with contri-
butions from several physical processes, as well as a likely dependence
on APT experimental conditions and the material system analyzed. In
the case of B-doped Si, it is important to consider the possibility of B
atoms migrating prior to their emission. This will result in their recorded
position not being representative of their original location at the tip apex
and may subsequently result in artificial concentration variations [25].

Extensive migration may also increase the natural tendency of B to
co-evaporate in burst, or so-called multiple-hit (multi-hit), events which
can lead to its undercounting. This is because, without sufficient sepa-
ration in space and time, the three-anode delay-line detector systems
used in modern commercial atom probes cannot resolve co-evaporated
ions. This is due to an associated dead-zone and dead-time (~3 ns for
the CAMECA LEAP 5000 XS and XR [32]) following each detection
event; also known as detector pile-up/saturation. Significant B detection
losses have been reported as a consequence of multi-hit events specif-
ically involving same isotope same charge-state (SISCS) ions, as
demonstrated by Meisenkothen et al. [10]. This is because these types of
co-evaporated ions will experience no, or insufficient, separation in
space and time. In their study [10], B signal losses are measured to be 20
% for a straight flight-path instrument (LEAP 4000X-Si) and 36 % for a
reflectron-fitted instrument (LEAP 4000X-HR). The magnitude of error
has been reported to increase with higher B concentrations owing to an
increased probability of SISCS co-evaporation [17].
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An additional level of complexity that can arise, and not previously
explored for this material system, is that the composition determined by
APT may be affected by the experimental conditions employed [33-36].
For B, a higher electric field has been shown to improve the B depth
profile agreement with SIMS, as demonstrated in a study of a B-doped
SiGe structure [11]. Melkonyan [12] explored different experimental
conditions for B-doped Si systems, likewise reporting an improvement in
the concentration values and profile shape agreement with SIMS for
higher electric fields. Although these results collectively demonstrate
the potential of achieving accurate B quantification using APT through
the optimization of experimental conditions, the severity of observed
detection losses at various field conditions has yet to be thoroughly
explored. Additionally, since at any given electric field condition there
are multiple physical mechanisms that could play a role in composi-
tional biases, the interplay between these various effects needs to be
investigated in detail. Thus, a systematic study is critical for under-
standing the origin of these inaccuracies, reducing quantification un-
certainty, establishing best practices, and defining optimal experimental
parameters for the routine analysis of B-doped Si devices.

A study of this nature demands the use of a well-characterized
sample for which the dopant dose and its depth profile are accurately
known. This motivated the choice of using the National Institute of
Standards and Technology (NIST) Standard Reference Material (SRM)
2137 [37]. Building on the preceding work [10-12] and considering the
aforementioned points, the present research aims to provide a holistic
investigation into the impact of the electric field strength on B quanti-
fication accuracy. The data treatment process is discussed in detail to
facilitate measurement repeatability and minimize user-dependent bia-
ses. Si quantification accuracy is also evaluated using a standard
CAMECA pre-sharpened microtip (PSM) coupon [38], since any under-
counting of the matrix species will lead to an erroneous dopant con-
centration measurement.

2. Materials and methods
2.1. Materials and sample preparation

The NIST SRM2137 [37] is 1°B-implanted Si, with Si in the doped
region amorphized prior to ion implantation to yield a shoulder-free B
concentration profile. It has a certified dose of 1.018 x 10> atoms/cm?,
as measured by neutron depth profiling (NDP). The B depth profile
shape was measured by SIMS, with the depth scale determined using the
crater depth measured by stylus profilometry. This shows an implanted
region spanning approximately 400 nm in depth, with a peak concen-
tration of 8.37 x 10'° atoms/cm® 188 nm beneath the surface.

The wafer was cleaned using sonicated acetone and isopropyl alcohol
baths (5 minutes each), rinsed with deionized water, and dried. The
surface was sputter coated with a ~250 nm Cr layer using a Quorum
300T D Plus. The Cr-cap was added to protect the near-surface region of
interest (ROI) from beam damage during APT sample preparation [39].
A small part of the Cr capping layer (< 25 nm) was retained on each of
the final specimens to avoid milling damage in the ROI, but also aid in
the precise identification of the concentration profile starting point
during data analysis. Specimen preparation was performed in a Thermo
Scientific Helios 5 UC DualBeam, equipped with a Ga™ source, following
the standard focused ion beam-scanning electron microscope (FIB-SEM)
lift-out procedure for APT samples [40] (Fig. 1). This was finished with a
2 kV final cleaning step to minimize the ion beam damage in the pre-
pared specimens.

2.2. APT analysis

Since it is not possible to access the specimen end-radius during an
APT experiment, the charge-state ratio (CSR) is typically used as an
indirect measure of the average electric field at the apex. Kingham
showed that the fraction of multiply-charged ions (i.e., X' fori = 2, 3,
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Fig. 1. SEM images throughout the sample preparation procedure, captured at a 52° stage tilt. (a) A wedge attached to a Si micro-tip post by FIB Pt deposition after
lamella lift-out and propagation. (b) A wedge following a series of annular milling processes for specimen shaping and thinning. (c) Pt and Cr layers on a specimen
prior to the final annular milling steps and 2 kV cleaning. (d) A prepared sample ready for APT analysis. The scale bars in (a) and (b) are 5 um, and in (c) and (d) are

500 nm. All images are tilt-corrected.

...) detected during an experiment increases with increasing electric
field strength [41]. Post-ionization theory defines a pathway for relating
the charge-state abundances to the average electric field strength at the
apex during field evaporation. Throughout this study, the Si charge-state
ratio (CSR(Si)), which is the ratio of the number of counts in the 14 and
28 Da peaks (Si%t/si™) within a portion of the ion sequence, is used to
evaluate the average electric field strength during an APT experiment.
For laser-assisted APT at a constant detection rate, the applied electric
field strength (and therefore the measured CSR(Si)) is inversely related
to the laser pulse energy received by the specimen. In general, a lower
laser pulse energy (i.e., a lower apex temperature) must be compensated
by a higher DC bias to maintain a constant detection rate, resulting in a
higher electric field at the apex. Conversely, a higher laser pulse energy
(i.e., a higher apex temperature) allows achieving the target detection
rate with a lower DC bias, resulting in a lower electric field at the apex.

APT data was acquired in laser-pulse mode on a CAMECA LEAP 5000
XS, which has a straight flight-path. It is equipped with a 355 nm
wavelength ultraviolet (UV) laser and has a detection efficiency of
approximately 80 %. First, the laser pulse energy and detection rate
were set to 50 pJ and 0.0025 ions/pulse (0.25 %), respectively. This was
maintained until complete evaporation of the Cr-cap was achieved,
thereby minimizing any induced stress on the specimens and avoiding
premature fracture at the Cr-Si interface. Following the field evapora-
tion of the Cr-cap, the detection rate was increased to 0.005 ions/pulse
(0.5 %) and auto pulse energy control (APEC) enabled. With APEC, the
laser pulse energy is automatically adjusted to achieve, then maintain, a
specified target CSR based on the ratio of two user-selected ranges in the
mass spectrum over a portion of the ion sequence (e.g., SiZ*/Sit = 10).
This mode of operation was used to minimize field variations
throughout the analysis and create relatively constant evaporation
conditions. With a constant laser pulse energy, as typically used in APT
analysis, a natural increase of the end-radius due to a non-zero shank
angle, in addition to variations in FIB-induced damage down the length
of the specimen, may result in undesirably large variations in the CSR
from a starting value [42,43]. This would complicate any subsequent
comparative analysis between samples. Moreover, for specimens
analyzed at the highest-field conditions, a large increase in CSR in-
creases the risk of premature fracture.

Six samples were analyzed at CSR(Si) targets of 0.25, 0.5, 10, 30, 60,
and 80. In each case, the base temperature was set to 50 K, and auto
pulse rate control (APRC) was enabled at a mass-to-charge-state upper
limit of 250 Da. APRC expedites data acquisition time by automatically
increasing the laser pulse rate during an experiment to compensate for
an increasing specimen voltage and a decreasing time-of-flight.
Although this means that the laser pulse rate does vary during each

analysis, it is not expected that this has a significant impact on the results
for a number of reasons. First, the frequency range for samples 2-6, as
reported in Table 1, is relatively narrow and a significant portion of all
experiments were conducted at 555 kHz. Second, there is minimal
variance in the average laser pulse frequency across all six samples.
Finally, the laser pulse frequency has been previously shown to have a
minimal impact on preferential evaporation for minerals [44], alloys
[45], and semiconductors [46]. For each experiment, CSR(Si) history
plots are shown in Fig. 2(a) (excluding the Cr-cap).

All but sample 2 experience a maximum deviation in CSR(Si) over
the analysis depth of <20 % of the target value. For sample 2, there is an
initial rapid increase in the CSR(Si) to 0.7 (i.e., 140 % of the target
value), followed by an abrupt drop to 0.5 at approximately 15 million
ions. As well, for sample 3, the CSR(Si) does not stabilize until about 20
million ions. While these are not negligible variations, the differences in
the average magnitude of CSR(Si) experienced by each sample does
allow a comparative analysis for the purposes of this investigation, as
can be seen in Fig. 2(b). However, given that the CSR(Si) remains
relatively constant for samples 1 and 6, and these samples were
measured at the two most extreme conditions (i.e., lowest and highest
electric fields), all comparative analysis will be performed using these
two datasets. The results from the other four samples are included to
illustrate the electric field dependence between the two extremes.

2.3. Data reconstruction

Data reconstruction was performed using the CAMECA AP Suite 6
software [47]. For each specimen, the radius evolution was based on a
tip-profile determined from an SEM image acquired prior to APT anal-
ysis. While some degree of measurement error may be present in the
radius evolution using this method, this was assessed to be the most
accurate technique over voltage-based or fixed shank-based radius
evolutions. The image compression factor (ICF) was constrained using
the measured evaporation depth by correlating pre- and post-analysis
images with the aid of local topographic features (Fig. 3(a)). The
non-tangential continuity ratio [48] was also measured from the
post-analysis image for each specimen (Fig. 3(b)). This ratio provides a
more accurate reconstruction in the depth dimension, which is critical
for dose quantification and profile shape integrity [49]. The ICF for each
sample is given as follows: sample 1 — 1.95, sample 2 — 1.84, sample 3 —
1.77, sample 4 — 1.96, sample 5 — 1.66, and sample 6 — 1.73.
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al.

Summary of relevant acquisition conditions.
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Sample Target CSR(Si) Average CSR(Si) Average Laser Pulse Energy Laser Pulse Frequency Average Background Chamber Pressure
Range Average
si?t/sit si?t/sit pJ kHz kHz ppm/ns %10 Pa
1 0.25 0.24 + 0.01 411+17 294 to 555 508 + 45 5.2 7.77
2 0.5 0.52 + 0.04 36.5+ 1.6 384 to 555 497 + 44 5.3 7.49
3 10 9.55 £+ 0.55 24.6 £ 1.2 416 to 555 533 4+ 33 8.2 11.89
4 30 28.88 +1.70 16.9 + 0.8 416 to 555 530 + 35 10.3 9.62
5 60 61.29 + 2.34 10.4 £ 0.6 416 to 555 534 + 32 24.8 7.38
6 80 80.42 £ 1.65 88+ 0.5 454 to 555 533 4+ 32 26.7 7.49

©
S~—

(b)

Charge-State Ratio (Si2*/Si*)

=4 e
o ~

Charge-State Ratio (Si?*/Si*)
o
o

-
N

1"

10F

Charge-State Ratio (Si2*/Si*)

022 04t 1
s Sample 1 Sample 2 Sample 3
03 ‘ - : : ‘
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80
lon Sequence Count (Millions) lon Sequence Count (Millions) lon Sequence Count (Millions)
45 75 100
D 40 | D 70 12
& & & g0
L5l (2P| (23
e 2% e
© s ©
« -1 €60 € 80 =N A=
] [ 2
5 s =
? @ 55 a
82 Sample 4 550 Sample 5 2 Sample 6
(8] (3} (8]
15 . . : 45 . . . 60 . . . . . .
0 20 40 60 80 0 10 20 30 40 50 60 70 10 20 30 40 50 60 70
lon Sequence Count (Millions) lon Sequence Count (Millions) lon Sequence Count (Millions)
100
—
-
U\) [WMM“’MW—VW
+
o
€ 10
(]
.‘g
4 ——Sample1 ——Sample 4
g ——Sample2 ——Sample5
? | ——Sample3 ——Sample 6
(]
[=)]
e
(1]
K
o A
0 1 1 1 1
0 20 40 60 80

lon Sequence Count (Millions)

Fig. 2. (a) CSR(Si) evolution plots as a function of ion sequence count, excluding the Cr-cap. The black dashed lines represent the specified CSR(Si) target value for
each sample. (b) Composite CSR(Si) evolution plot with all samples included for the first ~80 million ions collected.
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(b)

Fig. 3. (a) An example of the reconstruction-constraining procedure, whereby the evaporation depth is measured by correlating pre- and post-analysis SEM images.
(b) An example of non-tangential continuity, measured by the ratio Rgphere/Rcone (the radii of the sphere and cone, respectively). All scale bars are 500 nm.

3. Results and discussion
3.1. B quantification accuracy

Fig. 4(a) presents a representative mass spectrum of the NIST
SRM2137, with all the major ion peaks labelled appropriately. For all
the peaks identified, the range bounds were guided by the local back-
ground levels (i.e., the start and end bounds were chosen at the points
where the peak crosses the estimated background level [12]). Additional
Si molecular ions, namely Sij, SiO*, and SiOH", were identified in the
mass spectra of samples 1 and 2 (not shown), which were analyzed at the
two highest average laser pulse energies.

The unlabelled peaks between 35 and 48 Da were present in each
mass spectrum collected but could not be unequivocally identified.
While these are likely complex molecular ions containing Si (e.g., SIN3*
or Si,N*t at 35/35.5/36 Da, SiO" and/or SiOH™ at 44/45/46 Da, and
SiF" at 47 Da), their lack of inclusion is not expected to significantly
impact the presented data as all mass spectra were treated consistently
(i.e., peaks identified and ranged). As well, the magnitude of the largest
unidentified peak (35 Da) is just 0.1 % of the dominant Si%t peak. Still, a
sensitivity analysis was conducted by ranging these peaks as Si and
assessing the impact on B dose measurements. The effect was found to be
most pronounced for sample 6, but reducing the dose by just 1.55 %; a
difference within the error bar ranges presented below.

considered monoisotopic. Thus, the 11 Da and 12 Da peaks are assumed
to be 1°BH * and 1°BH3, respectively. All background corrections were
performed using a local range-assisted power law model within AP Suite
6. Fig. 4(b) shows an example of a reconstructed dataset.

One-dimensional B concentration profiles were calculated along the
longitudinal axis of each sample, with the full reconstructed volume
(Fig. 5). This was done using atomic percentages of B and Si for a 2 nm
bin width, starting at the Si-Cr interface. Then, this was converted to
atoms/cm® using the theoretical Si atomic density of 4.99 x 10?2 atoms/
em?® [50]. It is important to note that the Si atomic density may be
slightly higher for the SRM2137 as a result of the 28Si implantation.
However, Stopping and Range of Ions in Matter (SRIM) [51] simulations
found a peak implanted 28Si concentration of just 0.2 at.% (i.e., an
atomic density of approximately 5.2 x 10?2 atoms/cm?) and, therefore,
this is not expected to have a significant influence on the results
presented.

The statistical significance of a B signal was assessed using the
following criterion at each interval,

ng — /ng(1 — Q) > np, —

where ng is the number of B counts, ng;, is the number of background
counts, and Q is the detector efficiency (~80 % for CAMECA LEAP 5000
XS) [52]. The background counts are based on equal-width ranging of

ng(1 - Q) 1)

. . 10+
With <1 % of the total dose being g [37], the B in SRM2137 can be adjacent regions to the "B™ peak.
@ )
108 T Siz+ T T B* 3
A 2 ot |
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10 si* - |
f B T TR SN L  UR N |
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Fig. 4. (a) A representative mass spectrum (excluding the Cr-cap) acquired from the NIST SRM2137 (sample 6, CSR(Si) = 80). The top-right inset shows a zoomed-in
section of the mass spectrum with B'" and BH;" peaks labelled accordingly. (b) An example of an APT dataset reconstruction with the Cr-cap at the top and a B

gradient in a Si matrix below. The scale bar in (b) is 100 nm.
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Fig. 5. Bulk volume B concentration profiles measured at each field condition. The black line is the SIMS-acquired profile shape [37]. Note that the SIMS shape is not

certified by NIST.

The APT B depth profile integrity was evaluated based on its
agreement with the SIMS-measurement. While the SIMS profile is not
certified by NIST, it is reasonable to expect that the reported depth
profile is representative [53]. As previously described [11,12,19-21]
and presented here, samples that are analyzed at low-field (i.e., high
laser pulse energy) have a depth elongated B concentration profile. This
manifests itself into a higher-than-expected B concentration within the
tails of these profiles. These two characteristics are likely due to B
retention on the surface from insufficient evaporation conditions [12,
23]. Increasing the apex electric field strength improves the profile
shape by bringing it in agreement with that measured by SIMS, although
negligible improvements are observed between the CSR(Si) range of 30
and 80. The small differences between the APT profile shapes at the
highest electric field conditions compared to SIMS is believed to be a
result of imprecisions in the reconstruction (e.g., use of a constant ICF
[54]) and misalignment between the implantation and analysis axes.

The B implant dose was determined by integrating each of the bulk
volume concentration profiles (Fig. 5) (i.e., calculating the area under
the curve). Fig. 6 shows the B dose measurements as a function of CSR
(Si) and the estimated electric field from Kingham’s post-ionization
theory [41]. Other reported SRM2137 dose measurements by APT
[10,12] are included in this plot. The B quantification accuracy relative
to the NIST certified NDP dose value improves substantially with
increasing electric field. At a CSR(Si) of 0.25, approximately 53.6 % of
the expected dose was measured. This significantly increases to 80.9 %
at a CSR(Si) of 0.5. Interestingly, by raising the CSR(Si) from 10 to 30, it
remains invariant within the analysis error. It is at a CSR(Si) of 60 where
the B dose again improves, now increasing to approximately 94.0 % of
the certified dose. Finally, at a CSR(Si) of 80, the measured dose exceeds
the NDP value (i.e., found to be 104.7 %). This overestimation will be
revisited in Section 3.3.

As some degree of uncertainty will be present in the reconstructions,
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a sensitivity analysis was performed for samples 1 and 6 to investigate
the impact of ICF variance on the measured B dose. The tip profile
definitions and the non-tangential continuity ratios were held constant,
while the ICF was varied by increments of +5 %, and the B dose for each
ICF condition was then determined. In all cases but for —15 % and —10
% of the ICF for sample 6, the B dose was found to be within the reported
error bars in Fig. 6. This demonstrates that, while there may be some
level of uncertainty that is present in the reconstructed volume param-
eter, it is still reasonable to expect that the presented results are suffi-
ciently accurate and enable a comparative analysis.

Comparing the results presented in this study with those reported
previously highlights an important issue which currently impedes
routine analysis by APT. That is measurement reproducibility arising
from instrument and/or user-induced biases. For instance, despite
analysis at a CSR(Si) of between 10 to 12 [55], Meisenkothen et al.
report a B dose value using the LEAP 4000X-HR, a reflectron-fitted in-
strument, that is more comparable to the values reported here at
low-field conditions and for a straight flight-path tool. While the other
two literature values which were also measured using straight
flight-path instruments show a small improvement, they still offer un-
satisfactory agreement. This underlines the significance of considering
inconsistencies in data treatment methodologies as a contributing
source of measurement discrepancies and the need for developing
standardized methods for constraining these processes (e.g., mass
spectrum ranging [56] and ICF calibration [57]). There is also a pressing
requirement for understanding how instrument design/configuration
influences the field evaporation physics and the associated impact on
compositional biases.

3.2. Mechanism of quantification improvement

To understand the mechanism behind the improvement in B quan-
tification accuracy, it is critical to consider multi-hit events, which form
the majority for B detection. In fact, for the sample analyzed at the
lowest electric field, approximately 69 % of the B detected occurs as a
multi-hit event. In contrast, only 2 % of the Si was detected as a multi-hit
event for the same sample. Fig. 7(a) shows the impact of CSR(Si) on B
detection events by hit type. With an increasing CSR(Si), the fraction of
B detected as a single-hit event increases, while the fraction of B
detected in a double-hit event decreases. It is unclear why this trend
reverses when going from a CSR(Si) of 60 to 80. Further investigations at
even higher fields may help clarify this behaviour. However, increasing
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Fig. 7. (a) Impact of CSR(Si) on the fraction of B detected in single-hit, double-
hit, triple-hit, and higher-order detection events. (b) Fraction of B SISCS
detection events as a function of CSR(Si).

the CSR(Si) substantially (i.e., greater than 100) will result in a higher
likelihood of specimen fracture due to the induced stress at higher
electric fields, thereby complicating such an experiment and subsequent
data analysis.

The primary source of the B underestimation is considered to be
SISCS co-evaporation events [10,12,18]. Therefore, an improvement in
B quantification accuracy is expected to correspond with a reduction in
this type of detection (as a fraction of the total B detection). A thorough
analysis of SISCS B detection is not possible since such higher order
multi-hit events are often incorrectly recorded as being lower-order or
single-hit events [18]. Nevertheless, Fig. 7(b) shows the fraction of B
detected as SISCS double-hit events as a function of the CSR(Si), which
decreases monotonically with increasing electric field. Fig. 7(b) quali-
tatively supports the field-dependent trend reported in Fig. 6, which is
that a more accurate B dose measurement corresponds with a lower
fraction of SISCS B double-hit events. However, it is essential to
emphasise that this a purely qualitative assessment and further in-
vestigations are required to better understand this trend. As in [10], a
nominally pure B sample could be used to investigate B multi-hit events
with the aid of natural isotopic abundances, but extending the investi-
gation over a range of electric fields (as done here). This would provide a
pathway for understanding B evaporation tendencies at different oper-
ating conditions. For a B-doped Si sample, Si complicates this type of
analysis since it would likely be involved in B multi-hit events. Thus, it
would be essential to consider higher-order detection events with
various combinations of B and Si isotopes and/or charge-states, an
arduous task.

It is proposed that the reduction in B multi-hit events with increasing
electric field (Fig. 7(a)) is a consequence of reduced B mobility at the
apex. Under non-ideal analysis conditions (i.e., a high laser pulse energy
and/or a high base temperature), these atoms migrate and coalesce.
They then co-evaporate in bursts which increases the probability of
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SISCS evaporation, and subsequent detection loss. This is supported by
Fig. 8, which presents the normalized detector density maps of Si, B,
Si?*, and Si®* multi-hit events. The last two columns are meant to
illustrate local regions on the detector (i.e., specimen surface) with a
lower/higher electric field. Column 1 (i.e., the detector density maps of
Si) is included as a reference; these maps approximately resemble the
distribution of all hits acquired for these samples during analysis
(excluding the Cr-cap).

For the sample analyzed at the lowest-field (CSR(Si) = 0.25, ~41 pJ),
the Si®t distribution (column 3) and the Si®t multi-hit distribution
(column 4) both show an increasing gradient across the detector, which
points away from the laser-tip impact position towards the shadow-side.
This artifact results from an asymmetrical tip shape evolution induced
by the one-sided laser illumination of the specimen apex [58]. With a
higher CSR(Si) and lower laser pulse energy (e.g., CSR(Si) = 80 at ~9
pJ), the Si®* and the Si®" multi-hit distributions become more uniform
over the detector, indicating that the electric field is more homogeneous
across the specimen surface. This, in turn, would suggest a more sym-
metrical tip shape, which is expected due to the lower laser pulse energy
applied.

The most interesting aspect of Fig. 8 is the radial distribution of B
events (column 2). A low-field (CSR(Si) = 0.25) produces a highly
localized B detection map, centered on the detector and completely
uncorrelated with the corresponding field distribution (columns 3 and
4). This is in stark contrast with the Si density maps (column 1), which
approximately reflect the apex (a)symmetry in accordance with columns
3 and 4. As the CSR(Si) is increased, the B map becomes progressively
more homogeneous, with the B starting to fill a greater fraction of the
detector and producing a relatively uniform map at a CSR(Si) of 80.

Considering the uneven detection pattern of B at low-field, extensive
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migration, trajectory aberrations, or other artifacts would be required to
explain such a limited detection area since the SRM2137 is uniformly
doped in the radial dimension. Assuming the localized detection area, as
observed for the CSR(Si)s of 0.25 and 0.5 in Fig. 8, is an artifact caused
by migration before evaporation and detection, it is inconsistent with
the expected migration tendency. The doped-region in SRM2137 is
considered to be amorphous. Hence, crystallographic poles are not
observed in the density maps (column 1 in Fig. 8). With a lack of crys-
tallography, the field distribution is expected to be dependent on local
atomic variations on the specimen surface; the overall tip shape; and the
laser-tip interaction. Therefore, the expectation would be for the B to
migrate towards (and be preferentially detected from) the shadow-side,
where the field is highest.

To understand the detection tendency of B as a function of analysis
depth, Fig. 9 shows the normalized detector density maps of Si, B, Si™,
and Si* for sample 1 (lowest-field analysis) and sample 6 (highest-field
analysis) taken at 20 million ion increments, over the first 60 million
ions collected. The density maps of sample 6 follow the expected
behaviour, with the B detection and the field distribution remaining
uniform across the surface at all stages of analysis. Each of the Si™
density maps show a high concentration on the laser-side, as expected
from the one-side laser illumination of the sample.

However, for the first 20 million ions of sample 1, the B detection
pattern appears to increase from the edge to the detector center. The Si*
and Si%* maps for this increment indicate that the field is highest on the
shadow-side, given that the doubly-charged Si species is concentrated in
that region. The subsequent depth increments are notable for two rea-
sons. First, the Si* maps show a depleted region that has an inverse
correspondence to the B density map. It is believed that this depletion is
caused by the migration and retention of B at the center of the needle.
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Fig. 8. Normalized detector density maps of Si, B, Si*", and Si** multi-hit detection events. Columns 3 and 4 are meant to illustrate local regions on the specimen
surface that experience a higher electric field. The laser direction is indicated by the red arrow.
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Fig. 9. Normalized detector density maps of Si, B, Si* and Si** for (a) sample 1 (lowest-field analysis) and (b) sample 6 (highest-field analysis) at 20 million ion
increments, for the first 60 million ions collected of each (excluding the Cr-cap). The laser direction is indicated by the red arrow.

Since B has a significantly higher evaporation threshold than Si, the
evaporation of B within the center may only proceed when the local field
is high enough. This would further suggest that this region has a locally
high radius of curvature and consequently a higher local electric field,
which increases the likelihood for post-ionization of Si*, thereby facil-
itating its evaporation as a doubly-charged species.

Second, the B density maps show that the detection becomes more
localized as the analysis progresses, despite the field distribution, as
estimated by the Si?* density maps, remaining generally constant. Sur-
face migration of solutes has been previously described as a thermally-
assisted, field-driven mechanism. Preferentially retained, high-field
species migrate to high electric field regions, such as crystallographic
poles and zone axes [25]. An alternative mechanism was proposed by
Oberdorfer et al. [31] involving a directional walk of the solute atoms to
the crystallographic poles through a series of relaxation events to

energetically favourable sites. These are sites that are vacated by the
evaporated matrix atoms. Since matrix atoms at kink sites of a terrace
have the highest likelihood of evaporation [59], a receding terrace ledge
guides a solute atom towards the most energetically favourable,
high-neighbour-count site (i.e., a crystallographic pole). Thus, instead of
an attraction to the high electric field regions, migration to crystallo-
graphic poles may be a result of the evaporation sequence which follows
the crystallography of the sample under analysis. APT has been previ-
ously used to investigate amorphous materials (e.g., bulk metallic
glasses [60,61]), with a non-uniform evaporation sequence reported
[60]. As the SRM2137 lacks crystallography (i.e., long-range order) and
therefore crystallographic poles, ordered evaporation of the Si and the
subsequent directional walk of the B to the high electric field regions
may not be expected. In other words, assuming athermal relaxation is
the dominant mechanism of migration, there may not be any driving
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force or physical process for which B should move towards the high
electric field, shadow-side region. Still, it is not clear why B is being
detected from the center of the needle and becomes more localized as
the analysis progresses. Field evaporation simulations of an amorphous
material would help elucidate any patterns or tendencies from the Si
evaporation behaviour that could be driving B towards the center. Such
simulations are outside the scope of this investigation, but future work is
planned on investigating this in more detail.

Alternatively, it is possible that this anomaly is a result of a non-
hemispherical tip shape, combined with field-of-view (FOV) aberra-
tions. The limited absorption depth of the UV laser illumination by Si is
known to result in severe asymmetry of the FOV region [58]. This has
been demonstrated by Ling et al. [62] through evaporation simulations
and corresponding hit maps. In short, an experiment begins by the
laser-side of the sample eroding. This results in the laser-side radius
increasing, reducing the probability of field evaporation for that side. To
compensate, and for the analysis to proceed, atoms on the shadow-side
experience a higher electric field and probability of evaporation. A
steady-state apex shape is finally reached with a locally lower radius of
curvature on the shadow-side and a higher radius of curvature on the
laser-side. This causes the apex axis and the FOV to shift towards the
shadow-side during an experiment. Since the field distribution maps do
not consider the specimen outside of the FOV, the detector maps shown
in Figs. 8 and 9 only describe local differences in the field distribution.
Therefore, it is possible that B is migrating to the high electric field re-
gion, but this behaviour is being confounded by irregularities/aberra-
tions in the FOV. Once again, future work is planned on understanding
the tip shape impact on reconstruction artifacts and field evaporation
tendencies.

3.3. Field strength impact on Si quantification

An additional consideration for this investigation was the impact of
the electric field on the Si quantification accuracy. It is possible that a
substantial loss of Si is artificially increasing the determined B dose,
especially in the case of the overestimation observed in sample 6
(analyzed at the highest field). This can be assessed by comparing the
apparent isotope fractions to the naturally occurring amounts (Xog,, =
92.23 %, Xaq,, = 4.67 %, and X30, = 3.10 % [63]). Any deviation from
these values could be correlated with some degree of Si detection loss,
for example, through multi-hits involving SISCS Si ions. Analysis of the
apparent isotope abundances for the SRM2137 is complicated by the
surface amorphization method prior to ion implantation, whereby the
wafer is triply implanted with ?8Si ions at a dose of 2 x 10'® atoms/cm?
using three impact energies (360 keV, 140 keV, and 50 keV [37]). In
other words, the abundances are biased prior to APT analysis and the
sample is not expected to have the natural isotope fractions within the
ROL Instead, a CAMECA PSM coupon [38] was chosen for the Si
quantification analysis, which is done by assessing deviations in the
natural abundances at various electric field conditions. This coupon
contains a standardized array of (100)-oriented single crystal antimony
(Sb) doped Si tips, typically used for detector and laser alignments.

Si quantification analysis using the PSM was conducted at a constant
detection and laser pulse rate of 0.005 ions/pulse (0.5 %) and 250 kHz,
respectively. Again, APEC was enabled using the Si%*/Si* as the tracking
ratio. The field was then increased incrementally from a CSR(Si) of 0.25
to 200 (Fig. 10) and ~2 million ions collected at each condition. A
voltage-based reconstruction was used for the PSM dataset [59], with
spatial distributions maps applied for depth calibration using known
interplanar spacings [64].

The evolution of the apparent Si isotope abundances during the PSM
experiment are shown in Fig. 11(a) and in Fig. 11(b) for both charge-
states. With an increase in electric field strength, significant deviations
from the natural abundance are observed. More precisely, the fraction of
283 appears to decrease while the fractions of 2°Si and 3°Si increase. This
may be expected since 28Si, being the most abundant isotope, will have a
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Fig. 10. CSR(Si) evolution as a function of ion sequence count for the APT
analysis of the PSM.

higher probability of being involved in SISCS co-evaporation events, and
leading to a larger detection loss [9]. The discrepancy in deviation be-
tween the singly- and doubly-charged Si states is most likely a combined
effect of a higher background level at extremely high electric fields and
reduced counting statistics due to a notably smaller number of total Si*
ions collected (e.g., ~0.5 % of the 2 million ions collected at a CSR(Si) of
200). As Si%" is the dominant charge-state at high electric fields, where
significant detection losses are thought to take place, it is used for all
subsequent data analysis and correction schemes.

Based on this deviation, a double-hits correction factor (Fig. 12(a))
can be derived at each operating CSR(Si) following the procedure
developed by Miyamoto et al. [35]. The corrected B dose, B orrected, Can
then be given by,

Bmeasufed

1-B, d
Bmeasured + “1-Ca megf;re

(2)

Beorrected =

where Bjeqsured 1S the measured B dose, C is the square-sum of the Si
isotope fractions (3_ X;,? ~ 0.853), and « is a Si detection loss param-
eter. a is given by,

C nsi _
<X2xssl Nagg; +X29¢; M20g; +X30¢; '1305()

a =

3)

D Hsi -C
Xa8g; N28g; +X20g; N29g; +X304; M304;

where ng; is the total number of Si counts, nas,, nag,, and nsq, are the
total number of counts for each isotope, and D is the cube-sum of the Si
isotope fractions (ZXisl.3 ~ 0.784). Fig. 12(b) shows the corrected B
dose using Eq. (2) for the six samples as a function of the CSR(Si). In all
cases, the corrected dose is less than the apparent value. However, the
magnitude of correction increases with higher electric fields due to the
higher Si detection loss. For the case of overestimation at the highest
electric field, the correction scheme reduces the estimated dose from
104.7 % to 101.8 % of the expected value, now within the error range
reported by NIST. Therefore, while a higher electric field does result in a
slight reduction of Si quantification accuracy, the substantial improve-
ment in the B measurement accuracy suggests that routine analysis of
this material system should be performed at high electric fields.

It should be noted that there are inherent differences between the
evaporation behaviour of the amorphous B-doped NIST sample and the
crystalline Sb-doped PSM, meaning that the multi-hits and the magni-
tude of Si losses may differ. This implies that the correction factors may
be slightly different for the PSM compared to the NIST sample. There is
also the possibility that the observed deviations are not the result of Si
SISCS co-evaporation detection loss, but rather formation of Si hydrides
(e.g., SiH) with increasing electric field intensity (although, typically,
the formation of molecular ions is higher at lower electric fields making
such a trend improbable). As some of these Si hydrides would have a
peak overlap with Si (e.g., 28SiH"* with 2°Si™), the abundances would
deviate, but the overall Si quantification would remain relatively
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Fig. 12. (a) Si correction factor as a function of CSR(Si). (b) Corrected B doses
using the Si double-hits correction factor for each sample.

accurate. However, the concentration of the Si hydride at 31 Da is
relatively constant throughout the PSM experiment. As well, no peak
was observed at 15.5 Da for SiH?" and, in general, no hydrides are ex-
pected to form for the doubly-charged Si species [65]. Therefore, this
assessment is still useful for providing a qualitative observation of the

11

evaporation behaviour of Si as a function of electric field strength and
illustrating its potential impact on the determined B dose.

4. Conclusion

B quantification accuracy using APT was investigated for a range of
electric field conditions. A higher field was found to improve the B
measurement accuracy in terms of dose and depth profile integrity.
Reduced surface migration due to a highly homogeneous field on the
specimen surface is proposed as the underlying mechanism behind this
improvement. With less B mobility, there is a lower likelihood of B atoms
coalescing and co-evaporating in SISCS multi-hit events, the dominant
source of signal loss. The impact of the electric field strength on Si
quantification was also investigated, whereby apparent isotope abun-
dances suggest some detection losses at high fields. A correction scheme
was presented, and B dose measurements were corrected to illustrate
that observed Si losses account for only a small portion of the reported
improvements. The results presented here offer a pathway for applying
best practices in the application of APT for regular analysis of B-doped
Si-based semiconductor devices.
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