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Abstract—Scanning transmission electron microscopy beam-
induced current (STEM-EBIC) offers nanoscale mapping of car-
rier collection in FIB-prepared semiconductor lamellae. However,
quantitative interpretation is challenging because the measured
current is influenced by internal electric fields, carrier diffusion,
exposed surfaces, finite lamella geometry, and contact bound-
ary conditions. In this work, we use two-dimensional drift-
diffusion simulations of the experimental lamella geometry to
interpret STEM-EBIC measurements on a FIB-prepared silicon
p–n junction. The simulations show that the experimentally
observed sub-micrometer apparent collection lengths are not
reproduced by realistic bulk Shockley–Read–Hall recombination
alone. Instead, the profile width and its thickness dependence
are mainly controlled by recombination at the exposed lamella
surfaces, with an effective surface recombination velocity on the
order of 106 cm/s. A separate surface-charge analysis identifies
the regime in which charged surface states can deplete thin or
lightly doped lamellae. These results indicate that STEM-EBIC
line scans in FIB-prepared lamellae should be interpreted as
surface-limited effective collection profiles rather than direct bulk
diffusion-length measurements, and provide practical guidance
for assessing when measured profiles remain representative of
the underlying junction.

Index Terms—STEM-EBIC, drift-diffusion simulation, FIB
lamella, Si p-n junction, surface recombination, Schottky contact

I. INTRODUCTION

Scanning transmission electron microscopy beam-induced
current (STEM-EBIC) imaging offers nanoscale spatial reso-
lution for mapping charge carrier behavior in semiconductor
devices. In EBIC, a focused electron beam generates electron–
hole pairs in the sample, which are separated by internal
electric fields and collected as a current at external contacts
[1], providing a spatially resolved map of carrier collection
efficiency. Unlike conventional SEM-EBIC, which operates
on bulk samples with interaction volumes limited by beam
energy and carrier diffusion, STEM-EBIC works with thin
FIB-prepared lamellae where the beam is mostly transmitted
and carrier generation is confined primarily along the beam
path [2]. This has enabled STEM-EBIC to emerge as a pow-
erful characterization technique with demonstrated resolution
down to the angstrom scale [3], but the thin-lamella geometry
also makes the measured signal highly sensitive to boundary
conditions introduced during sample preparation.
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Recent experimental work has demonstrated both the
promise and the difficulty of quantitative STEM-EBIC anal-
ysis. Schneider et al. [4] reported systematic STEM-EBIC
measurements on FIB-prepared silicon photodiode lamellae,
extracting effective diffusion lengths orders of magnitude
below typical bulk-Si values and observing a clear dependence
of both peak current and profile width on lamella thickness.
Moynihan et al. [5] combined in-operando 4D-STEM and
STEM-EBIC on biased silicon p–n junctions and showed that
the EBIC signal does not directly follow the electric-field
distribution alone, but is also shaped by carrier diffusion and
recombination. These studies motivate simulations that retain
the finite lamella geometry and explicitly account for the
exposed FIB-prepared surfaces.

In this work, the STEM-EBIC measurements of Schneider
et al. [4] are interpreted using two-dimensional drift-diffusion
simulations of the corresponding FIB-prepared silicon p–n
junction lamella. The simulation domain is constructed from
the measured lamella geometry and explicitly includes the
exposed top and bottom surfaces, allowing the individual roles
of recombination, contacts, and surface charge to be isolated.
This approach is used to determine which mechanisms control
the measured peak current, profile width, thickness depen-
dence, and extracted apparent diffusion length.

II. EXPERIMENT AND DEVICE

The device under study is a commercial silicon photodiode
with a p–n junction located approximately 1.5 µm below
the surface. A TEM lamella was prepared by focused ion
beam milling, mounted with tungsten on a MEMS chip with
platinum contacts, and further thinned by low-energy argon ion
milling to remove amorphous damage layers [4]. The lamella
has lateral dimensions of approximately 14 µm × 8.5 µm and
features an asymmetric slit geometry that defines the current
collection path. The slits cut through the junction and isolate
the n- and p-type regions, providing separate electrical access
to each side (Fig. 1).

STEM-EBIC measurements were performed at 200 keV
with a beam current of approximately 82.5 pA. At this energy,
nearly all electrons are transmitted through the thin lamella
with negligible backscattering [2], so that the electron–hole
pair generation can be approximated as uniform along the
beam path. Measurements were carried out across lamella
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Fig. 1. Top view of the FIB-prepared lamella showing the contact layout and
slit geometry [4].

thicknesses ranging from 127 to 530 nm [4]. The data reveal
a systematic thickness dependence of both the peak EBIC
current and the effective diffusion length Leff , as well as
preparation-induced artifacts from FIB-damaged amorphous
surface layers that progressively disappear after argon milling
[4]. The extracted Leff values are 0.2–0.4 µm, indicating
strongly shortened apparent collection profiles in the FIB-
prepared lamella.

The doping profile of the commercial photodiode is not in-
dependently available. However, the EBIC line shape provides
constraints on the junction electrostatics, since the apparent
depletion width and the relative decay lengths on the p- and n-
type sides depend on the local doping levels. We therefore use
an effective p–n junction profile with approximately symmetric
doping, choosing a nominal concentration of order 1017 cm−3

to reproduce the observed depletion-region width and the
measured Lp/Ln ratio. This effective profile is then used for
the quantitative comparisons in Section IV.

III. SIMULATION FRAMEWORK

The EBIC experiment is modeled within the drift-diffusion
framework, solving Poisson’s equation together with the elec-
tron and hole continuity equations using a finite volume
method. Carrier current densities are discretized using the
Scharfetter–Gummel scheme [6], and the resulting nonlin-
ear system is solved with a fully coupled Newton–Raphson
method. All simulations are performed using an in-house drift-
diffusion simulator.

To account for the exposed FIB-prepared surfaces, the sim-
ulation domain is chosen as a two-dimensional cross-section
of approximately 5µm×t, containing both the beam direction
and the EBIC scan direction, where t is the lamella thickness
(Fig. 2). In this geometry, the top and bottom surfaces are
explicitly resolved as simulation boundaries, so that surface
recombination and, in the charged-trap analysis, surface charge
can be included directly in the model. The junction position
and contact layout follow the experimental geometry, while
the nominal doping profile follows the estimate described
in Section II. In the silicon region, bulk recombination is

described by the standard Shockley–Read–Hall (SRH) model
[7], [8] with midgap traps and doping-dependent lifetimes
according to the Scharfetter relation [9]. At the FIB-prepared
surfaces, recombination is described by an SRH-type boundary
condition with effective surface recombination velocity S. This
parameter is varied to assess how recombination at the exposed
lamella surfaces affects the EBIC current and the extracted
Leff . In the charged-trap analysis, the surface traps also carry
charge determined by their occupation, and this charge is
included self-consistently in Poisson’s equation. The metal–
semiconductor interfaces are treated as Schottky contacts.
The carrier fluxes at these boundaries are described using a
thermionic-emission contact model [10] with literature barrier
heights for the W–Si interfaces; tunneling and image-force
barrier lowering are neglected.

Electron-beam excitation is modeled by a position-
dependent generation term distributed along the transmitted
beam path and over the prescribed beam cross-section. The
generation distribution extends through the lamella thickness,
while its magnitude is set by the beam current and the
electron stopping power in silicon at the experimental beam
energy [11]. A full EBIC line profile is obtained by sweeping
the generation source across the domain and recording the
terminal current at each beam position.
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Fig. 2. Cross-sectional simulation domain used for the two-dimensional
drift-diffusion model. The domain contains both the beam direction and the
EBIC scan direction, resolves the top and bottom FIB-prepared surfaces, and
includes the estimated p–n junction doping profile and contact geometry used
in the experimental comparison.

IV. RESULTS AND INTERPRETATION

A. Bulk recombination has limited influence under realistic
conditions

In thin FIB-prepared lamellae, the large surface-to-volume
ratio raises the question of whether bulk or surface recom-
bination limits the effective diffusion length. The bulk con-
tribution is first isolated by disabling surface recombination
and sweeping the SRH lifetime over realistic and intentionally
extreme values (Fig. 3). For realistic carrier lifetimes, bulk
SRH recombination has negligible influence on the profile
width, with visible narrowing appearing only for unrealisti-
cally short, picosecond-scale lifetimes. Thus, for the geometry
and estimated doping profile used in the experimental com-
parison, bulk SRH recombination alone does not reproduce
the measured short Leff range. This motivates a separate
assessment of recombination at the exposed lamella surfaces.
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Fig. 3. Simulated EBIC profiles from the bulk-lifetime sweep with surface
recombination disabled. The lifetime range spans τn = 2µs, τp = 0.5µs,
corresponding to Ndop = 1017 cm−3 via the Scharfetter relation, down to
τn = 20 ps, τp = 5 ps.

B. Surface recombination velocity controls Leff and peak
current

With bulk SRH ruled out as the dominant loss mechanism,
the surface recombination velocity S is varied within the same
geometry. Simulations are performed at fixed lamella thickness
with S varied from 105 to 107 cm/s (Fig. 4). Increasing S
reduces the peak EBIC current and shortens Leff on both sides
of the junction, resulting in narrower EBIC profiles. This nar-
rowing is more clearly visible after normalization, indicating
that S controls not only the signal amplitude but also the
spatial extent over which carriers are collected. Comparison
with the experimental Leff range indicates an effective surface
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Fig. 4. (a) Simulated EBIC profiles for surface recombination velocities S =
105, 106, and 107 cm/s, showing the reduction in peak current and profile
narrowing with increasing S. (b)–(d) Normalized profiles for each S value
with the fitting regions for Leff extraction indicated on the p-side (red) and
n-side (green). Fits follow I(x) = k x−1/2 exp(−x/Leff) [12], assuming
strong surface recombination (α = −1/2).

recombination velocity on the order of 106 cm/s for the Ar-
milled lamella surfaces [4].

C. Thickness dependence reproduces experimental trend

Using the surface recombination velocity identified from the
Leff comparison in Fig. 4, the lamella thickness is varied from
t = 400 nm down to 250 nm while all other parameters are
kept fixed (Fig. 5). Reducing the thickness lowers the peak
EBIC current and shortens the extracted Leff , in agreement
with the experimentally observed thickness dependence. The
thickness dependence can be understood from two contribu-
tions. First, for a transmitted beam, a thinner lamella provides a
shorter generation path through silicon and therefore produces
fewer electron–hole pairs per incident electron. Second, the
surface-to-volume ratio increases as the lamella thins, so that
a larger fraction of the generated carriers is lost to surface
recombination before reaching the junction. The reduced gen-
eration mainly lowers the absolute signal, whereas enhanced
surface recombination also narrows the collection profile. With
a single fixed surface recombination velocity, the simulations
capture the main thickness-dependent trends, supporting a
surface-limited interpretation of the measured EBIC profiles.

0 1 2 3 4 5

0

2

4

𝑦 (𝜇m)

𝐼
(n

A
)

𝑡 = 250 nm
𝑡 = 300 nm
𝑡 = 350 nm
𝑡 = 400 nm
Meas: 𝑡 = 244 nm
Meas: 𝑡 = 299 nm
Meas: 𝑡 = 314 nm

Fig. 5. Simulated absolute EBIC profiles for lamella thicknesses from t =
400 nm down to 250 nm at fixed surface recombination velocity. Measured
profiles (markers) are shifted to align the peak position and normalized to the
simulated peak current for shape comparison. The thickness sweep is used to
compare the simulated and measured profile shapes at fixed S.

V. SURFACE-CHARGE VALIDITY LIMIT FOR THIN AND
LIGHTLY DOPED LAMELLAE

The top and bottom lamella surfaces have so far been treated
as electrically neutral recombination sinks characterized by an
effective surface recombination velocity S. However, surface
states can also carry charge and thereby modify the elec-
trostatic potential inside the lamella. Following Haney et al.
[13], the trap occupation is computed from the local carrier
concentrations, and the resulting sheet charge is included self-
consistently in Poisson’s equation. Under the midgap charge
convention used here, traps are mostly electron-occupied and
negatively charged in n-type regions, while the opposite sign
occurs in p-type regions. In thin or lightly doped lamellae,
depletion regions induced by the two charged surfaces can
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overlap, reshaping the junction field and suppressing EBIC
collection. This mechanism may contribute to the strong signal
loss reported after extreme lamella thinning [14].

The onset of surface-induced full depletion can be esti-
mated from a simple charge-balance argument. Here, Nsurf

denotes the surface-state density per exposed surface. With
the charged-trap convention used here [13], the sheet charge
density at each surface is ρsurf = qNsurf(1−2fsurf)/2, where
fsurf is the electron occupation probability of the surface
trap state, so that the effective charged sheet density in the
strongly charged limit is approximately Nsurf/2 per surface.
Balancing this sheet charge with the ionized dopant charge
gives a characteristic depletion width Wsurf ≈ Nsurf/(2Ndop),
where Ndop is the local dopant concentration. Since depletion
can extend inward from both exposed surfaces, overlap occurs
when 2Wsurf ≈ t, yielding the order-of-magnitude criterion
Nsurf,crit ≈ Ndopt.

Charged-surface effects are therefore expected to become
important as χ = Nsurf/(Ndopt) approaches unity. For the
reference device, Ndop ≈ 1017 cm−3 and t ≈ 300 nm give
Ndopt ≈ 3 × 1012 cm−2, making surface-induced depletion
unlikely to dominate the measured EBIC profiles. To illustrate
the surface-charge-sensitive regime, a lower-doped symmetric
junction with Ndop = 1015 cm−3 and t = 300 nm is sim-
ulated, for which Nsurf,crit ≈ 3 × 1010 cm−2. As shown in
Fig. 6, Nsurf = 1010 cm−2 remains close to the neutral-surface
result, whereas Nsurf = 1011 cm−2 reduces the peak current
by roughly two orders of magnitude.
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Fig. 6. Simulated absolute EBIC profiles for the lightly doped test case
(Ndop = 1015 cm−3, t = 300 nm) as the effective charged surface-state
density Nsurf per exposed surface is varied.

These results define a validity condition for quantitative
STEM-EBIC interpretation. For χ = Nsurf/(Ndopt) ≪ 1, sur-
face charge acts only as a perturbation, and the neutral-surface
recombination model can remain adequate. As χ approaches
unity, surface-induced depletion can span the lamella, reshape
the junction field, and strongly suppress carrier collection; in
this regime, EBIC profiles should be interpreted with explicit
surface-charge modeling. Thus, increasing lamella thickness,
increasing doping, or reducing the charged surface-state den-
sity moves the sample away from the surface-charge-depleted

regime and provides a practical criterion for preparing and
interpreting FIB lamellae for quantitative STEM-EBIC.

VI. CONCLUSION

Two-dimensional drift-diffusion simulations were used to
analyze STEM-EBIC line profiles from a FIB-prepared silicon
p–n junction lamella. Within the estimated doping profile and
experimental lamella geometry, the profile width, peak current,
and their thickness dependence are primarily controlled by
recombination at the exposed lamella surfaces. The measured
profiles are therefore best interpreted as surface-limited effec-
tive collection profiles rather than direct measurements of the
bulk diffusion length.

The charged-surface analysis further shows that surface
charge must be considered when the charged surface-state
density becomes comparable to the dopant charge contained
within the lamella thickness. In thin or lightly doped lamellae,
surface-induced depletion can reshape the junction electrostat-
ics and strongly suppress the EBIC signal. Therefore, quanti-
tative STEM-EBIC on FIB-prepared lamellae requires treating
the exposed surfaces as active electrical boundaries rather than
passive geometric truncations of the original device.
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