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Methods available for the mapping of dopants in silicon-based semiconductor structures with p-type as well as ntype doped patterns using low and very-low-energy electrons are reviewed together with the results of demonstration experiments.

1. Introduction
Two-dimensional dopant proﬁling is an essential analytic method in
the development and diagnostics of integrated semiconductor structures. The continuously increasing level of integration places increasing
demands on spatial resolution, while the desirable possibility of interoperational checks promotes rapid, contactless and non-destructive
methods and instruments not requiring special treatments of the surfaces to be observed. Electron microscopy represents a favoured alternative among the available dopant proﬁling tools and even comes in
several versions. In particular, scanning electron microscopy (SEM)
equipped with various attachments and detector assemblies has fulﬁlled
this satisfactorily for a number of decades.
Looking back to the ﬁrst attempts by Oatley and Everhart [1], we
should mention the wave of publications that began to appear in the
1990s [2–9]. During this period, the mapping of dopants with secondary electrons in the SEM was established as an acknowledged basis
to be further speciﬁed in detail and completed with models explaining
the image contrast generation. The subsequent period introduced energy ﬁltering of the secondary electron (SE) image signal [10], later a
widely accepted extension to the conventional SE imaging mode
[11–13]. Energy-selective SEM imaging has also proven itself to suppress the eﬀect of contamination layers on the dopant contrast
[14,15,18,11]. Further development was oriented towards improved
procedures of specimen treatment that aimed to balance the inﬂuence
of band bending and above-surface patch ﬁelds on the p-n contrast in
favour of ionization energy diﬀerences as the contrast source [12,13].
Even more recently, the helium ion microscope, as a device providing
images in the secondary electron signal, was introduced as a tool
⁎

relevant for the given task [16] and compared with the corresponding
performance of the SEM [17].
Dopant proﬁling via SE-based imaging is naturally performed at
rather low energies (at low units of keV) of the primary electron beam
irradiating the sample in view of the enhanced SE emission in this
energy range. However, other imaging modes were also examined that
have proven themselves to map the dopant proﬁles at even lower energies of signal electrons, released either with slow irradiating electrons
or photons. This paper aims to summarize and characterize these attempts which, in spite of their promising results, have mostly failed to
attract suﬃcient attention for further development within the broader
scientiﬁc community.
2. Secondary electron dopant proﬁling
Electron emission from solid surfaces irradiated with electrons depends on the target material and the energy of the incident electrons.
The ﬂux of emitted electrons is contributed by secondary electrons (SE)
released from the target and backscattered electrons (BSE) from the
incident beam. The ratio between the two emission yields varies along
the irradiating electron energy scale with the SE component reaching its
maximum level in the range of hundreds of eV. The characteristic
parameters of the SE yield are governed by the spatial density of SE
release within their escape depth from the target. The SE emission
drops in both directions along the energy scale from the yield maximum, dropping more steeply toward lower energies. Measurement of
the SE yield requires the acquisition of the energy spectrum of the
emission showing peaks of SE and elastically backscattered electrons on
both its ends. Below about 100 eV of the landing energy of primary
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Fig. 1. Micrographs of p-type boron-doped patterns (A – 1.1 × 1019 cm−3, B – 1.1 × 1-18 cm−3, C – 1.1 × 1017 cm−3, D – 1.1 × 1016 cm−3) on an n-type phosphordoped substrate (E – 1.2 × 1015 cm−3) acquired in the SLEEM mode at the landing energies as follows: 6 keV (a), 5 keV (b), 3 keV (c), 1 keV (d), 120 eV (e), 60 eV (f),
30 eV (g), 20 eV (h), 15 eV (i), 10 eV (j), 8.9 eV (k), 7.4 eV (l), 5.4 eV (m), 2.4 eV (n), 1.4 eV (o), and 0.9 eV (p). (The dark region in the centre originates from
secondary electrons escaping through the detector bore – see the text for details.).

emission has to be convolved with the same distributions of the detector
acceptance, here the angular distribution in particular, in order to obtain an insight into the genuine mechanism of the image contrast
generation.
More recent solutions to SE detection employ provisions for transporting the SE emission along the optical axis inside or even above the
objective lens where their ﬂux is inﬂuenced by multiple electric ﬁelds
directed axially or even radially in order to hit detector surfaces, again
either coaxially or situated to the side. A tailored combination of biased
electrodes may serve as an SE energy ﬁlter [15]. In these assemblies, the
crucial energy and angular distributions of the detector acceptance are
even more diﬃcult to establish. Possible penetration of the magnetic
ﬁeld of the objective lens to the sample vicinity is also an important
factor.
The low and very-low-energy version of the SEM requires the use of
what is known as the SLEEM (scanning low-energy electron microscope) principle, i.e. forming, transporting and focusing the primary
beam at a high energy of a few kV and retarding the incident electrons

electrons, the SE and BSE regions become overlapped and at tens of eV
the SE emission is assumed to gradually cease. While the SE exit depth,
falling in a range of units of nm, is very short with respect to the
thicknesses of individual layers usual in traditional Si technology, it
may become comparable in nanoelectronics employing 2D crystals.
Hereinafter we will consider the ﬁrst case, although results achieved on
planar doped patterns will be presented in contrast to the traditionally
examined cleaved multilayer structures observed on their edge and
therefore homogeneous at much larger depth.
The SE emission characteristics are combined with the detection
characteristics of the particular electron microscope. The conventional
Everhart-Thornley detector (ETD) situated to the side of the sample
acquires a small proportion of the total SE emission in spite of the
positive bias of the detector entry (which can be only moderate in order
to prevent its inﬂuence on the primary electron beam). The acquired SE
signal then contains only species emitted under larger polar angles from
the surface normal and directed to some azimuthal section close to the
detector. Obviously, the energy and angular distribution of the SE
2
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toward the sample surface with an electric ﬁeld generated by the high
negative bias of the sample holder, similar in value to the gun voltage.
The primary electrons may then impinge with an arbitrarily low energy
without the image resolution being sacriﬁced and with minimum interference to the column alignment [19]. In this case, the emitted
electrons, both SE and BSE, are accelerated in the above-surface ﬁeld
and collimated toward the optical axis. The anode of the cathode lens
with the biased sample serving the cathode role may be represented
either by the ﬁnal lens surface or even by a coaxial BSE detector with a
central bore through which the primary beam passes. A certain part of
the collimated signal “beam” then escapes detection through this bore,
while a larger part of the combined SE and BSE emission reaches the
detector surface with the exception of electrons missing the detector
outside its radius at a weaker electric ﬁeld. This phenomenon inﬂuences
the balance between SE and BSE species actually acquired in dependence on the ﬁeld strength governing the landing energy of primaries.
According to all the references listed above, the SE images of the
dopant contrast show the p-type regions bright and the n-type regions
dark. Contrast mechanism models are generally based (with ﬁner
modiﬁcations in some versions) on a simple scheme of the energy band
structure in which the ionization energy for the densely occupied valence band states is smaller in the p-type than in the n-type [4,9],
possibly with the secondary electron escape depths considered in addition [18]. The situation is inﬂuenced by the density of surface states
that may or may not pin the Fermi level near the middle of the energy
gap: in the former case, the band bending and the above-surface patch
ﬁelds enhance the p/n contrast even more [3,4]. This relation has been
conﬁrmed using various SE detectors, though with the p/n contrast
magnitude varying quite widely. A crucial circumstance lies in diﬀerences in the solid angle range of the SE emission that is acquired with a
particular detector [18]. Initial comparison of the SLEEM mode and the
ETD mode shows the p/n contrast signiﬁcantly enhanced in the former
[20]. This can be explained by the acquisition of a much larger proportion of the SE emission (except a thin specular ray). However, as
mentioned above, in the SLEEM mode we acquire a mixture of SE and
BSE signals, so the BSE contribution to the dopant contrast observed
becomes questionable. Observation of cleaved GaAs/Ga1-xAlxAs superlattices with BSE within the energy interval 4–25 keV has been reported. In this case, the material contrast, based on BSE yields of 32%
and 28% for GaAs and AlAs, respectively, was suﬃcient for observation
of 5 nm thick layers down to x = 0.05 with a ﬁeld-emission gun and
13 keV primary energy [21]. On the other hand, no BSE contrast was
obtained between p+-type doped patterns and n-type Si substrate at
10 keV [20]. In this case, the material contrast produced between boron
doping at 1 × 1019 cm−3 and phosphor doping at about 5 × 1014 cm−3
was too low and no other BSE contrast mechanism in this energy range,
such as channelling contrast requiring local diﬀerences in the crystal
orientation, could be expected. Additional BSE contrast mechanisms
appear, though at much lower electron energies, as we discuss below.
In Fig. 1 we have collected micrographs of a planar structure containing multiple p-type doped patterns fabricated on an n-type doped Si
(100) substrate [22]. This specimen, intentionally designed for examining the quantitative relation between the SEM contrast and the
density of dopant, provided us with a range of dopant density levels
having passed through identical technology steps and preparation
procedures and thus being capable of producing fully consistent data
about the dopant contrast mechanism. When interpreting the images,
we will refer to an individual strip pattern as Px, where x means the
order of magnitude of the dopant density (P19 for strip A, etc.). Let us
note that the experiments were performed under UHV conditions with
the sample loaded very quickly after it was etched using a standard
buﬀered hydroﬂuoric acid solution (BHF) with 6 volumes of ammonium ﬂuoride (NH4F, 40% solution) and 1 vol of HF.
Images (a) to (d) in Fig. 1 show a stepwise increase of SE contrast
from 6 to 1 keV landing energy with a primary energy of 6 keV. While at
6 keV the contrast is fully negligible, at 1 keV it reaches a maximum

with the strip signal proportional to the local density of dopant. Let us
note that the nominal density of dopants was approximately constant
within a subsurface layer of about 500 nm in thickness and then progressively dropped to its “base” level at a depth of about 1.5 μm [22].
With the increasing landing energy of electrons, the total SE signal
emitted drops due to the extended penetration depth of primary electrons and the accompanying decreasing density of the SE generation
within their escape depth. The local diﬀerences in the SE yield due to
the dopant contrast should, however, be preserved. In the SLEEM mode
we acquired the image signal with a coaxial scintillator-based detector
at ground potential, i.e. without any attraction of the signal electrons.
The collected electrons are accelerated toward the detector by the difference between the gun cathode and specimen potentials which is zero
for the image (a). The micrograph (a) is formed exclusively by the fast
BSE and does not therefore show any dopant contrast. At 1 keV, the SE
emitted are already gaining 5 keV energy before impinging the detector
surface, so their dopant contrast is well observable. On the other hand,
with an increasing electric ﬁeld inside the cathode lens, the slow SE are
more and more collimated toward the optical axis and an increasing
proportion escapes detection through the detector bore. However, this
loss is not decisive: for a working distance of 7 mm, 6 keV primary
energy, 1 keV landing energy and detector bore 0.3 mm in size, only
25% of the SE of emission energy 3 eV pass through the bore and escape
detection [23]. Nevertheless, some kind of high-pass energy ﬁltering of
the detected SE does take place and smaller polar emission angles are
also suppressed (see below).
In Fig. 1 we then see progressively decreasing dopant contrast down
to tens of eV with subsequent inversion with the p-type strips darker
than the n-type substrate. However, the P19 strip behaves diﬀerently,
remaining brighter down to 7 eV, while the three other strips ﬂuctuate
in brightness around the grey level of the substrate without any proportionality between the strip brightness and its dopant density. At 5 eV
and below, all strips are darker than the substrate, but their contrast is
again not proportional to the density of dopant. Finally, below about
2 eV all strips are equally brighter than the substrate, though only
outside the dark central spot corresponding to the area lying just below
the detector bore into which the majority of emission is collimated.
Nevertheless, one can recognize the strips being even darker inside this
spot. Here the bright part of any strip is of a maximum signal while the
dark part has no true image signal – we will discuss this eﬀect in the
next section.
Here we are not able to present a model satisfactorily explaining the
observed phenomena. We should, however, remember that with the
landing energy of electrons decreasing below 50 eV the above-surface
electric ﬁeld remains nearly constant, so a relatively unchanging proportion of the slowest SE escapes detection while the rest is all detected.
The same holds true for the BSE emission with the BSE/SE ratio of
yields progressively growing. What does respond to the varying impact
energy of very slow electrons are scattering mechanisms inside the
sample governing the reﬂection of electrons. Various observations of
the contrast inversions will also be discussed in the last section.
The next series of experiments was performed with a sample analogous to the previous one, but with patterns of n-type Si (N16 to N19)
on a P15 substrate.
In Fig. 2 the series starts from a landing energy of 1 keV with the
contrast development at higher energies identical to that in the ﬁrst row
of images in Fig. 1. According to expectation, the optimum SE image at
1 keV shows the n-type strips darker than the p-type substrate. Again,
the strip signal in absolute value is proportional to the density of dopant, albeit with a less steep proportionality. Similarly to the previous
case, the pattern/substrate contrast progressively inverts to the n-type
strips brighter than the p-type substrate. As distinct from the “oppositely doped” sample, this inversion develops in a range of hundreds of
eV instead of tens of eV and its progression is more straightforward
without ﬂuctuations in the brightness of individual strips. One strip
after another, starting from N19, diminishes its contrast with respect to
3
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Fig. 2. Micrographs of n-type phosphor-doped patterns (A – 1.5 × 1019 cm−3, B – 1.5 × 1018 cm−3, C – 1.5 × 1017 cm−3, D – 1.5 × 1016 cm−3) on a p-type borondoped substrate (E – 1.9 × 1015 cm−3) acquired in the SLEEM mode at the landing energies of electrons as follows: 1 keV (a), 600 eV (b), 400 eV (c), 300 eV (d),
200 eV (e), 100 eV (f), 50 eV (g), 14 eV (h), 5.3 eV (i), 2.3 eV (j), 1.3 eV (k), and 0.7 eV (l). (The dark region in the centre originates from secondary electrons escaping
through the detector bore – see the text for details.).

the substrate and then inverts to a brighter appearance. At impact energies in the few-eV range the strips remain bright, but their contrast
does not increase suddenly and also no diﬀerence is apparent between
the parts of the strips inside and outside the central dark area of signal
escaping detection through the detector bore.
Let us conclude this section as follows: Observation using the
SLEEM mode working with a mixture of SE and BSE signals conﬁrmed
the base relation between brighter p-type areas and darker n-type areas
with the image signal of doped patterns proportional to the dopant
density. However, when signiﬁcantly decreasing the landing energy of
electrons, with the emitted species collimated and accelerated toward
the detector with a thin central ray escaping through the detector bore,
we observe phenomena not covered by models published so far. The p/
n contrast inverts in low-energy electron micrographs, speciﬁcally
during a progression diﬀerent between p/n and n/p combinations as
regards the relevant electron energy range and dependence on the local
density of the dopant. Contrast inversion with the slowest SEs followed
from a model taking into account the angular and energy distributions
of the SE [18]; see also Ref. [11].
Our results in Figs. 1 and 2 were acquired using the conﬁguration
described above, i.e. with a coaxial, single-crystal scintillator-based
detector with a central bore situated above the sample. A suﬃciently
relevant estimate of the energy and angular range of the SE detected
can be easily obtained by solving the parabolic motion of electrons in
the accelerating ﬁeld between the sample and the detector. For a typical
arrangement with a scintillator disc of an outer diameter of 10 mm, a
central bore 0.3 mm in diameter, a sample/detector distance of 7 mm, a
primary beam energy of 6 keV and a landing energy of 100 eV we get
the data shown in Fig. 3.
As follows from Fig. 3, while the electrons emitted close to the
optical axis up to a certain polar angle of emission decreasing with the
emission energy escape detection through the detector bore, the rest are

Fig. 3. Part of the energy/angular distribution of emitted electrons incident on
the active detector area in the conﬁguration described in the text.

completely collimated on the scintillator. Below 100 eV of the landing
energy, the above-sample ﬁeld varies only negligibly so the plot remains valid except for the reduced active range of the emission energy.
Let us note that above a landing energy of 680 eV the BSE of the highest
emission angles start missing the outer margin of the detector.
The micrographs presented in this section are obviously formed by
the SE emitted at higher polar angles, with a somewhat enhanced
proportion of their higher energies.
3. Dopant proﬁling with mirrored electrons
In Fig. 1, spaces (o) and (p), we can see not only one more p/n
contrast inversion with respect to electron energies only slightly higher,
but also very strong contrast between the bright parts of the p-type
strips outside the central spot of suppressed detection and their dark
4
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Fig. 4. P-type boron-doped patterns on an n-type phosphor-doped Si substrate imaged at 1.7 eV in the SLEEM mode with the specimen shifted in two directions (a, b)
and tilted in two directions shown by the arrows (c, d).

density of the incoming beam was in the order of 1012 e−/cm2s, so
when we take the penetration depth in units of nm and backscattering
rate in tens of percent, we get a volume density of injected electrons of
the order of not less than 1019 e−/cm3s, i.e. a ﬁgure similar to the hole
density in the p-type. Recombination via surface and other traps should
be capable of transporting the injected electrons to the valence band
leaving the illuminated p-type area negatively charged. Leakage current
toward the n-type substrate over the space charge region should not
inﬂuence the situation substantially.
The mechanism outlined above may work, in dependence on the
recombination rate, as an “equilibrium” process for “not too high”
electron currents. The surface potential of the p-type patterns was estimated as −1 V [24]. This bias corresponds to the mirror images
starting to appear at, say, below 2 eV landing energy due to electron
impact that is usually at least slightly oblique. However, as Fig. 6 demonstrates, at high electron currents much faster electrons may be
mirrored, even without any dark central spot of reduced detection
being apparent, which indicates heavy dynamical charging albeit still
restricted to the p-type areas only. This observation still awaits deeper
explanation that might be based on the eﬀect of the patch ﬁelds
[18,11].
As regards possible quantiﬁcation of the dopant density on the basis
of mirrored imaging, let us underline the fact that this might work
solely for p-type patterns on an n-type substrate. Further, in our arrangement with the coaxial detector above the sample, the eﬀect is
substantially inﬂuenced by the position of the pattern with respect to
the optical axis. However, if this eﬀect is suppressed by putting differently doped patterns at an identical position relative to the detector,
the bright contour of a pattern appears for a current or pixel dwell time
characteristic for the particular dopant density [22]. It is obvious from
Figs. 4–6 that the P16 patterns behave diﬀerently from more doped
ones and do not show the total reﬂection of electrons. This indicates a
potential use of this kind of dopant mapping for higher densities only,
obviously again due to suﬃciently strong band bending and patch ﬁelds
[18,11].

part inside the spot. At ﬁrst sight, the signal intensity approaches the
total primary current inside the bright parts, while nothing is detected
within the dark parts. Such a situation would appear when the primary
electron beam is totally reﬂected above the sample surface and, with
the narrow angular aperture of the primary beam preserved, is directed
either to the detector bore or onto the active detector surface around
the bore, in dependence on the position and angle of impact of the beam
on the reﬂecting equipotential. An important circumstance is the energy range below 2 eV where the phenomenon appears and also its
absence with the n/p structures.
Micrographs containing mirror images of the above-surface bored
detector plane should accordingly respond to movements and tilts of
the mirroring equipotential. Evidence of this can be seen in Fig. 4 on
images of p-type squares that were also part of a testing wafer – three
sizes of squares with sides 40, 20 and 5 μm, and four dopant densities
equal to those mentioned above for the strips, namely P19, P18, P17
and P16. In Fig. 4a and b, two movements of the sample are recorded,
namely by a few tens of μm to the top and to the left. In Fig. 4c and d,
the consequences of the sample tilt are shown with tilts by 17′ (c) and
34′ (d), respectively, in the directions indicated by the arrows. Obviously, the images in Fig. 4 fully correspond to images of the bored
detector mirrored with an assembly of square mirrors represented by ptype doped patterns [22].
It is worth discussing or considering the observed phenomena on the
basis of the negative charge injected by the illuminating electron beam
into the sample and persisting solely on p-type doped areas [24]. This
hypothesis requires a clear dependence of the mirroring action on the
intensity of illumination, whether on the dose or the current of incident
electrons or both. In Fig. 5 we see the response of the group of patterns
both to the dose and current of electrons when imaged at 2.3 eV.
The appearance of the doped patterns in Fig. 5b and c is rather
similar, perhaps with a more pronounced P17 pattern in Fig. 5c.
However, the beam current was only 10 times larger for Fig. 5c while
the pixel dwell time was 44 times shorter. At ﬁrst sight, this may indicate the phenomenon being governed by both the electron dose and
current, but with the current factor having greater inﬂuence. To support
this idea a bit more, the sample was imaged by a current higher by one
order of magnitude. The series of micrographs in Fig. 6 reveals mirroring eﬀects already emerging at 25 eV and fully developed at 16 eV,
albeit with the P16 pattern invisible. In the frame taken at 2.3 eV, the
P16 pattern is well visible, but in dark contrast, although the pattern
position seems to be clearly outside the central spot of suppressed detection where the mirroring patterns are sharply bright.
In order to become a mirror that reﬂects incident electrons, the ptype patterns have to be negatively charged. Let us brieﬂy remember
the published model of the contrast mechanism [24]. The ionized acceptors can be considered a negative charge ﬁxed to the p-type doped
area. Normally their charge is compensated by holes, but if suﬃciently
high doses of electrons are injected, the holes can be recombined
leaving the acceptor charge unbalanced. Under the electron irradiation
conditions applied when taking the micrographs in Fig. 4, the current

4. Proﬁling of dopants with slow photoelectrons
The main diﬀerence between incident electron excitation and incident photon excitation in the process of the release of secondary
electrons from solids lies in that the electron excitation usually proceeds
in a cascade and one incident electron can progressively excite multiple
SE while the incident photon is absorbed in the process. However, if the
photon energy is suﬃcient for the release of not more than one SE, this
diﬀerence reduces to the SE energy being deﬁned and even constant for
monochromatic photon irradiation. This circumstance opens the way to
the mapping of dopants via the ionization energy of secondary electrons
which is dependent on the sign and density of the dopants.
The study illustrated in Figs. 7 and 8 was performed using an allelectrostatic PEEM with planar doped structures on Si (100) [25]. Both
p-type doped patterns on an n-type doped substrate (hereinafter p/n
5
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Fig. 5. P-type patterns imaged with a beam current of 30 pA (a, b) and 300 pA (c, d) with a pixel dwell time of 5.3 μs (a, c) and 235 μs (b, d).

responsible as the n-type spectrum is shifted to higher emission energies
so its threshold is lower (see Fig. 9). Moreover, the mutual shift of
spectra is only between 0.1 and 0.15 eV, although for ﬂat energy bands
without Fermi level pinning owing to surface states the shift should be
about 0.85 eV in the opposite direction [26]. This indicates that the
energy bands are markedly bent and the photoemission is mainly
contributed from the vicinity of the Fermi level while the high-energy
tail in the n-type spectra may originate from the conduction band. Still,
part of the contact potential diﬀerence is left to above-surface patch
ﬁelds that demonstrate themselves with rims around the doped patterns
exactly when they “switch” their contrast with respect to the substrate.
The total photoelectron yield depends on the rate of absorption of hot
electrons due to the generation of e-h pairs so its diﬀerence is governed
by appropriate mean free paths; this is discussed in detail in Ref. [25].
Generally, the pattern/substrate contrast is much lower on n/p

sample) and n-type doped patterns on a p-type doped substrate (hereinafter n/p sample) were available with p-type boron doping of
1 × 1019 cm−3 in patterns and 1 × 1015 cm−3 in substrate and n-type
phosphor doping of the same densities. The photon source was a highpressure mercury lamp with the high-energy edge of the spectrum at
4.9 eV, i.e. just above the photoemission threshold for Si. The signal
electron ﬂux was energy ﬁltered by means of a high-pass retarding ﬁeld
ﬁlter just in front of the detector.
The micrographs in Figs. 7 and 8 again conﬁrm the base relation
between p- and n-type, namely the p-type brighter when the complete
emission is acquired. Again, it is very likely that an explanation presents itself based on lower ionization energy for the p-type with the
valence band as the main source of electrons located nearer to the
Fermi level and, therefore, also to the vacuum energy level. However,
the diﬀerence between the photoemission thresholds cannot be

Fig. 6. Doped p-type patterns imaged in the SLEEM mode with a primary current of 3 nA.
6
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Fig. 7. PEEM micrographs of the n/p structure on Si formed with complete photoemission at the ﬁlter bias +2.4 V (a) and with energy-ﬁltered emission at ﬁlter
potentials +0.52 V (b), +0.24 V (c), 0 V (d), −0.36 V (e) and −0.76 V (f).

become brighter at higher ﬁlter voltages. Obviously, the cross point
appears at a lower energy for the n/p structure so the pattern contrast
switches at a lower ﬁlter voltage in accordance with Fig. 7.
As in the previous sections, quantiﬁcation of the image contrast in
order to measure the dopant density is a crucial task. The previously

structures.
Inversion of the p/n contrast in energy-ﬁltered images is easily explained using the energy spectra in Fig. 9 where the p-type and n-type
curves cross each other, so when properly adjusting the ﬁlter voltage
close to the cross point, the p/n contrast vanishes and the n-type areas

Fig. 8. PEEM micrographs of the p/n structure on Si formed with complete photoemission at the ﬁlter bias +2.4 V (a) and with energy-ﬁltered emission at ﬁlter
potentials +0.52 V (b), +0.24 V (c), −0.04 V (d), −0.36 V (e) and −0.88 V (f).
7
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Fig. 9. Energy spectra of photoemission image signals averaged over appropriate doped pattern regions along the ﬁlter voltage range and diﬀerentiated: (a) n/p
structure shown in Fig. 7, (b) p/n structure shown in Fig. 8.

Fig. 10. Energy-ﬁltered PEEM micrographs of n-type phosphor-doped patterns on a p-type boron-doped substrate.

– one XPS measurement gave an oxide thickness of 1.3 ± 0.1 nm [27].
The traditionally observed electron-beam-induced deposition of carbon
contamination from spontaneously adsorbed hydrocarbon precursors
was utilized for assessment of surface cleanliness during longer series of
micrographs such as those in Figs. 1 and 2. At the lowest electron energies, i.e. at highest surface sensitivity, carbon-contaminated frames
were observed at low intensity contrast and appeared solely around
details used for focusing the image with ﬁelds of view about two orders
of magnitude smaller and proportionally larger intensity of illumination.
Experiments performed under a standard high vacuum of the pressure order of 10−3 to 10-4 Pa provided data about the dopant contrast
acquired on surfaces with various coverages. The oxide layer was always the most important due to rather high silicon sensitivity to oxidation. The samples shown in Figs. 7 and 8, when left to oxidize for
months, exhibited even inversion of the p/n contrast above 2 keV
landing energy [29]. After thinning the oxide layer with diluted HF, the
contrast reversal was not observed along the beam energy scale, but
was found when increasing the scanning speed or beam current and
even when decreasing the image magniﬁcation [29]. One more study of
the same sample series compared the p/n contrast obtained under UHV
conditions and in a vacuum of 10−3 Pa and found the latter twice as
high and both peaking at about 1 keV [20]. The surface status was
tested using Auger electron spectroscopy (AES) and only oxygen and
carbon peaks were detected on the sample held under 10-4 Pa [29]. Insitu cleaning with Xe ions removed the carbon layer leaving some traces

illustrated study was continued with p/n and n/p structures of doped
patterns with dopant densities of 1 × 1016 cm−3 up to 1 × 1019 cm−3
in patterns and 1 × 1015 cm−3 in the substrate [27]. The results were
quite similar for both doping combinations: in the full photoemission
the dopant contrast is well proportional to the dopant density and can
serve as a density measure. However, for the N16 sample the pattern
contrast is too low for practice. In the energy-ﬁltered series of micrographs, on the other hand, the N16 patterns are well visible, suﬃciently
well for dimension measurements, but the contrast/density proportionality is lost. These observations are illustrated in Fig. 10 where
the ﬁlter voltage dependence is shown for the n/p version of the sample
shown in Figs. 4–6, i.e. for a sample providing four doping levels in one
ﬁeld of view. For the ﬁlter set at −0.55 V, when the complete photocurrent is passed onto the detector, the n-type patterns are very well
distinguished with diﬀerent contrasts with respect to the substrate except the weakly appearing N16, while between about +0.2 and +0.4 V
all patterns are clearly visible, though at a brightness not indicating the
dopant density [28].
5. Treatment of surfaces
The micrographs presented above were all taken under ultra-highvacuum conditions, though without in-situ cleaning of the sample
surface. The samples were etched with BHF and inserted as fast as
possible into the vacuum chamber or airlock. However, some thin layer
of the native oxide still grew before the operating pressure was obtained
8

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146836

L. Frank, et al.

Fig. 11. A p+/n sample imaged at diﬀerent working distances with a side-attached SE detector: JEOL 6700 microscope, electron energy 1 keV, working distance
8.3 mm (a), 14.4 mm (b), 22.3 mm (c).

variations with the energy of the electron impact and maximum contrast being ascribed to a situation in which electrons penetrate just to
the boundary between the contamination and Si surface, i.e. to the
region of bent energy bands [34].
Finally, the dopant contrast was studied in relation to the angular
distribution of the SE emitted [34,18]. One of the earlier published
models of dopant contrast mechanisms considered the decisive factor to
be the SE “ﬁltration” with the surface potential barrier narrowing the
permeated range of the oﬀ-normal emission angle and, because of a
higher barrier for the n-type, the SE emission was lower [35,18]. Here
the contrast inversion on the p/n samples was observed by means of
two detectors acquiring diﬀerent ranges of the polar angles of emission:
SE emitted closer to the surface normal bear enhanced contrast with the
p-type brighter, while the SE emitted at high polar angles provide a low
inverted contrast. The same relationship resulted from the working
distance variations and a side-attached SE detector. Speciﬁcally, for a
long working distance, SE emitted close to the surface normal pass to
the detector so that a high contrast with p-type brighter is obtained, in
contrast to short working distances [36] – see Fig. 11.
Although the dopant contrast is not suppressed by overlayers grown
on surfaces under “standard” vacuum conditions, and is sometimes
even enhanced, these coverages make the experimental conditions
uncertain and impede quantiﬁcations based on the SEM observation.
Any possible method reducing the inﬂuence of carbon contamination is
certainly important for practical diagnostics of semiconductor structures. One alternative is energy ﬁltering of the SE emission before detection which can be performed using laterally located electrodes situated in front of a through-the-lens detector [14,15,18,11]. A
signiﬁcant increase in p/n contrast was achieved when only slow SE
below about 10 eV emission energy were accepted for imaging. Very
successful results were obtained with the preparation of a silicon-based
structure with ammonium ﬂuoride (NH4F) [12,13]. This treatment is
thought to produce a hydrogen-terminated silicon surface passivated as
regards oxidation and with above-surface patch ﬁelds suppressed
leaving the doping contrast connected with the sub-surface band
bending. Naturally, the surface contamination is also removed by the
etchant, but its restoration is possible in dependence on the vacuum
level and the composition of residual gases in the microscope.

of oxygen and revealing the Si peak [20,29]. Another study demonstrating the p/n contrast reversal also relied on an explanation based on
the presence of a thin oxide layer [30].
The carbon layer deposited from hydrocarbon precursors onto a thin
silicon oxide layer forms a kind of MOS structure on the semiconductor
surface that inﬂuences the relationship between SE emissions from the
p- and n-type. The role of the surface layers was clearly demonstrated
by the intentional creation of surface coatings with diﬀerent work
functions [30,31]. A clean Si surface with p-type patterns on an n-type
substrate was covered with Ni and Cr layers. Because the work function
of Cr is lower and that of Ni higher than the work function of Si, a
Schottky contact was created between n-type Si and Ni and also between p-type Si and Cr, while the other two contacts were Ohmic. As
explained in detail in Ref. [30], the p-type patterns consequently remain brighter than the n-type substrate below the Ni ﬁlm, while the
contrast is inverted below the Cr ﬁlm. Here the metal overlayer was
created in-situ on a surface cleaned in-situ with ion bombardment, so
the oxide layer as well as carbon contamination was fully removed, as
was conﬁrmed by AES. Generally, an oxide interlayer in this kind of
MOS structure should be expected, though one so thin that electrons
can tunnel through [30].
One earlier study considered the carbon overlayer as a metalsemiconductor structure and, due to the graphite work function being
higher than that of Si, an Ohmic contact was expected on p-type regions
and a Schottky contact on the n-type region, and even observation of a
high n+/n contrast was explained in this way [32,33]. Let us note that
models counting on conductive overlayers naturally exclude the presence of any patch ﬁelds above the surface [12].
The inﬂuence of the carbon overlayer on an Si surface with doped
patterns was mostly observed when the carbon layer appeared due to an
electron-beam-induced deposit from spontaneously adsorbed hydrocarbons. These experiments were extended to include the intentional
deposition of a 20 nm carbon layer sputtered by magnetron [34]. The
study employed both p-type patterns on an n-type substrate (p/n
samples) and n-type patterns on a p-type substrate (n/p samples) of
various dopant densities, and experiments were performed under an
operational vacuum of the order of 10−3 Pa. While contrast inversion
was observed for a 1 keV electron dose increase over about 4 mCcm-2 on
the n/p samples with a spontaneous carbon layer, the contrast only
decreased on the p/n samples but inversion appeared in thick carbon
sputtered areas, albeit at a high dose above 500 mCcm-2. Explanation of
these observations was based on the thickness of the carbon overlayer
that was found, by means of depth proﬁling with Auger electrons, to be
thinner on the p/n samples so the contrast inversion was achieved only
after the addition of sputtered carbon. One more veriﬁcation of this
assumption oﬀered an observation made after a very long period of
electron irradiation producing thick carbon contamination – both
sample types then behaved identically. Contrast dependence on the
energy of electron incidence was also examined in the range between
100 and 1000 eV on the n/p samples and the dopant contrast was obtained on both heavily and slightly carbon-contaminated regions only
at 100 eV. This was explained on the basis of information depth

6. Conclusions
The collected data concern the observation of silicon-based structures with doped patterns aiming at the visualization of these patterns
and the possible measurement of dopant density by means of image
contrast between the patterns and the surrounding substrate.
Experimental data were obtained in a scanning electron microscope,
including its version with the sample biased to a high potential, and in a
photoemission electron microscope using slow electrons. The most
frequently employed secondary electron imaging in the SEM, as well as
combined SE + BSE signal imaging in the SLEEM, provides a dopant
contrast highest at around 1 keV primary electron irradiation. Electron
energies in the few-eV range in the SLEEM mode enable one to image
9
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the p-type doped patterns at extremely high contrast and the same
energies of signal electrons form the PEEM imaging excited with mercury lamp illumination (hν = 4.9 eV). The dopant contrast in an electron microscope is, therefore, generally connected with slow electrons.
Data about the dopant mapping were initially collected for the sake
of compiling and verifying models explaining the dopant contrast mechanism and this purpose remains in view. However, applications of
dopant mapping in the development and production of semiconductor
structures, including inter-operational checks as the most advanced use,
represent the ultimate goal of these eﬀorts. Measurement of the critical
dimensions of structures, laterally and also in depth, and measurement
of the dopant density are important in practice. For the former aim,
high contrast of dopants is necessary with well-deﬁned edges of the
doped patterns sized, at present, down to low tens of nm so the image
resolution should be around 1 nm. Spot dimensions in the SEM and
SLEEM are available at this level and all that prevents extension of the
interaction volume and blurring of the information source is a suﬃciently low energy of incident electrons. Resolution of PEEM micrographs of doped patterns has been reported in tens of nm in electrostatic
columns and in units of nm with an aberration-corrected spectroscopic
PEEM/LEEM [37]. Proportionality between the detected SE emission
and the local dopant density was veriﬁed in the SE imaging as well as in
the total signal of the threshold photoemission, but the quantiﬁcation of
the mirror images in the SLEEM mode was problematic. Suﬃciently
high contrasts were obtained for the dopant densities in patterns down
to 1017 cm−3, while the patterns doped to 1016 cm−3 were mostly very
weak or even unobservable.
The whole matter is profoundly inﬂuenced by the experimental
conditions. Some ultrathin oxide layer is expected even on samples
etched immediately before loading into UHV and, as a rule, some
contamination with carbon is created from hydrocarbons present in the
microscope chamber even under UHV conditions during observation.
Treatment with NH4F might reduce the oxidation substantially, while
suppression of the carbon contamination can be achieved by prolonged
irradiation with very slow electrons that release hydrocarbon precursors [38]. However, the necessity of these precautions impedes
routine testing of structures under production. The hypothetical incorporation of an electron microscope column directly into a production device for in-situ checks of patterns just created is questionable.
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