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a b s t r a c t

A new method for measuring electron beam induced currents (EBICs) in p-type silicon using a transmis-
sion electron microscope (TEM) with a high-precision tungsten probe is presented. Current–voltage (I–V)
curves obtained under various electron-beam illumination conditions are found to depend strongly on
the current density of the incoming electron beam and the relative distance of the beam from the point
of probe contact, consistent with a buildup of excess electrons around the contact. This setup provides a
new experimental approach for studying minority carrier transport in semiconductors on the nanometer
scale.

Published by Elsevier Ltd.
1. Introduction men. Electrical contacts between the sample and collecting junc-
Measurement of electron beam induced current (EBIC) has been
widely used to study correlations between electronic properties
and structural defects in semiconductors [1–6]. Electron–hole pairs
(ehps) generated within the interaction volume of the sample by
incident electrons can be separated by an internal electric field
such as within a p–n junction or a Schottky contact, resulting in
a reverse current. To date, EBIC measurement has been mostly per-
formed inside scanning electron microscopes (SEMs) equipped
with an electrical stage. The spatial resolution of this method, how-
ever, is limited because of the relatively large interaction volumes
generated by the primary electrons.

In an effort to confine ehp generation to smaller volumes and
thereby improve the spatial resolution, EBIC measurement has also
been performed using scanning transmission electron microscopes
(STEMs) [3–6]. Although an impinging electron of a few hundred
keV typically generates multiple ehps in semiconductors, it has
been reported that the EBIC in a 300 nm thick sample is on the or-
der of only a few nA, i.e., less than the incident-beam current itself
[1]. This discrepancy has been attributed mainly to the fast carrier
recombination at the surfaces of thin specimens, since the higher
surface-to-volume ratio means ehps are more likely to recombine
while traveling to the collecting junction at the end of the speci-
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tion can also cause significant loss of current because of their
high resistance.

In this study, we overcome these limitations using a specially
designed transmission electron microscope (TEM) holder (Nano-
factory Instruments) equipped with a piezo-controlled tungsten
probe. This probe has ±2 mm motion range and picometer position
control, so that it can be brought into contact with the edge of the
sample in situ with high precision. This in situ probe contact simpli-
fies the overall electrical connection and makes it possible to mea-
sure EBICs with little signal loss.
2. Experimental setup

A p-type Si (1 0 0) wafer with dopant concentration 1018 cm�3

was used as a model semiconducting material. The wafer was first
mechanically polished to an electron-transparent thickness
(�200 nm) and cleaved in air. The sample was then glued to a
half-cut molybdenum washer using silver paste. To avoid surface
damage caused by high energy ions, no Ar ion milling was used.

To obtain an even more reliable electrical contact, a thin Pt/Pd
film was deposited on the surface of the W probe by sputtering.
The sample was then attached to the holder and introduced into
the TEM (JEM 3000F). I–V curves were obtained using the digital
multimeter built into the controller system of the holder. The sec-
ond condenser lens focus and shift coils of the microscope were
used to control electron beam diameter and the electron beam
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Fig. 1. Bright-field TEM images taken (a) before and (b) after forming a contact. The
depletion boundaries are shown as red broken lines. The area illuminated by a
100 nm diameter electron beam centered on the contact is also indicated in (b). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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position, respectively. The condenser aperture was not altered dur-
ing I–V curve acquisition to ensure a constant electron beam cur-
rent. An accelerating voltage of 300 keV was used throughout.
3. Results and discussion

Fig. 1a shows a bright-field TEM image of the p-type Si sample
and W probe before contact. The sample edge appeared to have a
cleaved plane, as shown in Fig. 1b. The W probe was brought into
contact with the edge of the sample using the piezo-controller, as
shown in Fig. 1b. The setup is illustrated schematically in Fig. 2a.
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Fig. 2. (a) Schematic side view of the p-type Si sample and W probe illuminated by beam
the diameter of the depletion region and Ln is the electron diffusion length. (b) I–V cur
centered at the contact. The electron gun valve of the microscope was closed to obtain
The resulting contact area was estimated to be �100 nm in diam-
eter. After forming an electrical contact, an external bias was ap-
plied to the p-type Si sample via a counter-electrode with the W
probe grounded, as illustrated in Fig. 2a. In this arrangement, the
majority carrier (hole) current under forward bias (p-type Si is po-
sitive) flows from the counter-electrode side to the W probe side of
the sample. The contact between the probe and the sample is likely
to be the current-limiting factor because of its smaller contact area
compared to the counter-electrode.

At all surfaces of the p-type Si, majority carriers (holes) are ex-
pected to be depleted due to Fermi-level pinning. If the Fermi level
is pinned somewhere near the middle of the bandgap of Si, the
depletion width will be about 30 nm from the surface. In Fig. 1a,
the boundary of the depletion region (red broken line) is shown be-
fore the probe is brought into contact with the sample. It should be
noted that not only the edge of the sample but also its top and bot-
tom surfaces are carrier-depleted. Once electrical contact is made,
additional band bending due to charge exchange between the W
probe and the sample may occur, which flattens the Fermi level be-
tween them, creating a hemispherical depletion region near the
probe contact, as indicated in Fig. 1b. This hemispherical depletion
region will expand and shrink in response to the external bias ap-
plied across the probe contact.

Fig. 2a shows a schematic side view of the sample in contact
with the W probe under steady-state electron-beam illumination
of two different diameters (d1 and d2) and the resulting excess elec-
tron profiles in the p-type Si. We assumed a uniform distribution of
electron beam intensity and also that local excess electron concen-
trations are uniform inside the illuminated region and decay expo-
nentially outward from the boundary of the illuminated region by
carrier diffusion. Since the illuminating electron beam current is
kept constant, the total number of ehps (corresponding to the area
under the carrier concentration profiles) generated in the sample
will be the same regardless of the beam diameter. Thus, smaller
beam diameters result in higher concentrations of excess electrons
confined within the hemispherical depletion region. The EBIC is
proportional to the total number of excess electrons present within
the collecting region, i.e., the combination of the depletion region
of diameter D and the region within an electron diffusion length,
Ln, from the edge of the depletion region. In determining Ln, effects
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Fig. 3. (a) Schematic showing positions of the 100 nm diameter electron beam during I–V measurement. Position c corresponds to when the electron beam was centered on
the point of probe contact. Beam centers were roughly 50 nm apart. (b) Corresponding I–V curves obtained for beam positions in (a).
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Fig. 4. EBIC dependence on the distance of the electron beam from the probe
contact point with external biases of 0 (short circuit) to �5 V. Positive distances
correspond to electron beams centered on the sample, and negative to those
centered on the W probe. The inset shows a semi-log plot of curve tails from which
the carrier diffusion length was extracted.
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from carrier deflection by the magnetic field (�2 T) due to excita-
tion of the objective lens have not been taken into account because
the carrier diffusion process is driven solely by the carrier concen-
tration gradient.

Fig. 2b shows I–V curves obtained from illumination with
beams of various diameters, all centered at the position of probe
contact. All I–V curves are nonlinear due to the rectifying charac-
teristics typical of a metal–semiconductor contact. The reverse cur-
rent can be seen to dramatically increase with decreasing electron
beam diameter; this is because more excess electrons are gener-
ated within the collection region, as described above (and illus-
trated in Fig. 2a). The short-circuit currents, ISC, across the probe
contact measured at 0 V also increase with decreasing beam diam-
eter, as shown in Fig. 2b. The slight increase in reverse current with
reverse voltage can be explained by the expansion of the depletion
region with reverse voltage, resulting in an expansion of the collec-
tion region. It is also found that forward current increases with
decreasing electron beam diameter.

From the I–V curves shown in Fig. 2b, the open-circuit voltage,
VOC, across the probe contact measured at zero current was esti-
mated to be about 1.5 V. This is much higher than the �0.6 V typ-
ically found in commercial solar cells made of polycrystalline
silicon [7]. It is likely that 1.5 V does not represent VOC alone, but
also includes the effects of induced charges present in the p-type
Si due to electron-beam illumination. If the induced charges are
mainly from secondary electron emission due to the high-energy
incident electrons, net positive charges will be present on the sam-
ple’s surfaces. These positive surface charges will shift the I–V
curves upwards, resulting in an apparent high open voltage of
VOC = 1.5 V.

To measure the electron diffusion length in the sample, a
100 nm diameter electron beam was focused on various positions
between the probe contact and sample (Fig. 3a), and I–V curves col-
lected for each position. A 100 nm diameter electron beam was
chosen because of the difficulty in accurately positioning electron
beams of smaller diameter with condenser lens shift coils. The dis-
tance between the centers of the beam positions was about 50 nm,
with position c centered on the probe contact. As the electron
beam was moved closer to the probe contact (from l to c), EBICs in-
creased in the manner shown in Fig. 3b. When the electron beam
was directed at the probe alone (points a and b), the I–V curves
were almost identical to that obtained without illumination (i.e.,
when the electron gun valve was closed). The I–V curves measured
at positions c and d in reverse bias are conspicuous in that they are
shaped differently to those measured at other positions in the sam-
ple (e–l) and do not obey the overall trend. This is because the ehps
generated at positions c and d are still within the collecting region
(D + Ln) even at zero bias, as illustrated in Fig. 3a. Thus the reverse
bias, which expands the depletion (and hence collecting) region,
does not have a strong influence on the EBICs at these two points.
A maximum Isc of about 300 nA was obtained from electron beam
positions d and e.



780 M.-G. Han et al. / Solid-State Electronics 54 (2010) 777–780
For a typical thermal-assisted field emission electron gun, the
incident-beam current with the sample is of the order of a few
nA for a nanometric probe. Thus, the measured Isc indicates signif-
icant current amplification due to generation of multiple ehps in
the illuminated region for each impinging 300 keV electron. By
way of comparison it is worth noting that Houben et al. estimated
that for each 200 keV incident electron, one ehp is generated per
10 nm of penetration depth in silicon [8].

The EBICs in Fig. 3b are plotted as a function of distance from
the probe contact in Fig. 4 under various reverse bias conditions.
As the electron beam is moved away from the contact, the EBIC de-
cays exponentially. The plot minima shift away from the contact as
the reverse bias increases due to the corresponding expansion of
the depletion region.

Under steady-state conditions, the dependence of EBIC mea-
sured under reverse bias conditions on the distance from the probe
contact, D, is given by

I / expð�D=LnÞ ð1Þ

where I is the measured current at reverse bias. Using the above
relationship, Ln was estimated from the slopes obtained in the inset
of Fig. 4 to be about 150 ± 20 nm. This is much shorter than that re-
ported for bulk p-type Si, which is typically a few microns [9]. This
discrepancy can be explained by the fast surface recombination that
occurs in thin TEM samples because the sample thickness is compa-
rable to the carrier diffusion length. Measurement of the electric
field distribution inside the sample, especially around the probe
contact, is necessary to better understand the effects of surface
recombination on carrier diffusion. It should be noted that lattice
strain effects from the probe contact, as well as any contaminants
on the W probe or in the p-type Si sample, including native oxide,
were not considered in this study.

4. Summary and conclusion

We have measured EBICs in situ near the contact region be-
tween a W probe and a p-type Si sample in a TEM. The short-circuit
current reached a maximum of about 300 nA for a 300 keV electron
beam 100 nm in diameter. From EBIC decay curves, the electron
diffusion length in the p-type Si was determined to be
150 ± 20 nm, which is shorter than that for bulk Si. The method
provides a direct way to measure minority carrier diffusion lengths
of semiconductor materials inside a TEM so that simultaneous
electrical characterization can be carried out in conjunction with
high-resolution structural analysis. The method also can be used
to study the effects of electron-beam illumination during in situ
TEM electrical characterization of nano-engineered materials, or
potential mapping of semiconductors using in situ electron holog-
raphy, for example.
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