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Abstract
Measuring the current induced by the electron beam in an electron microscope is an approach that is
used to map the generation and collection of charge carriers in the presence of an internal electric �eld in
semiconductor devices. Here, we demonstrate that EBIC measurements can be conducted simultaneously
with atomic-resolution high-angle annular dark �eld imaging in an aberration-corrected scanning
transmission electron microscopy using a GaAs p-i-n nanowire diode. We explore the effects of the
signi�cantly smaller pro�le of the 200 kV electron probe within the sample compared to the SEM
con�guration. We further demonstrate that the effects of electron beam induced point defects and
surface passivation layers can be directly determined using the STEM-EBIC approach. 

Introduction
Semiconductor devices have penetrated nearly every aspect of our daily lives, enabled by the shrinking
size of electronic components, their decreasing power consumptions and their increasing speed in
processing information. At the center of most devices is a semi-conductor diode, consisting of a junction
in between materials with different dopant polarity, establishing an electric �eld and a hence direction of
electric current �ow. When materials of different lattice constants are combined at heterointerfaces to
form, for example, a p-n junction, the synthesis of dissimilar materials can often lead to interfacial
defects and extended dislocations originating at the hetero interfaces. Speci�cally, extended defects,
such as threading or mis�t dislocations, result from interfaces where lattice mismatch occurs. These
dislocations can be electrically active, generate noise, act as diffusion pathways or cause mechanical
breakdown of the devices during or after fabrication. In addition to intrinsic defects associated with
lattice-mismatched hetero-interfaces, extended defects associated with ion implantation used for doping
of the active device region can have signi�cant impact on performance. Although the damage due to ion
implantation often can be controlled using post-implantation high-temperature annealing steps, residual
defects remain, which can be electrically active and impede the device performance.1,2 It is therefore,
important to identify and understand the atomic-scale structure-property relationships of the various
defects at heterointerfaces, including the electrical junction of the device. Such understanding of the
effects that extended defects at heterointerfaces can have on the carrier diffusion lengths will enable the
discovery of novel device architectures. It will increase the performance and yield, and thus lower the cost
of existing devices.

The most common approach to measure the electronic properties of interfaces utilizes an electron beam
to create electron-hole pairs which are then separated in the presence of the electric �eld near the p-n
junction, creating a current within the device. Such electron-beam induced current (EBIC) measurement
are typically conducted in a scanning electron microscope (SEM), allowing for the current to be mapped
across speci�c feature to determine the minority carrier diffusion lengths as a function of position. One
signi�cant drawback of this SEM-EBIC approach is its limited spatial resolution, due to the large
excitation volume of the absorbed electron beam.3
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Over the last few decades, scanning transmission electron microscopy (STEM) has developed into a
critical tool for atomic-resolution structural characterization. The development of aberration correctors in
the early 2000’s has enabled direct imaging of interfacial structures and defects at better than 1 Å spatial
resolution. Recent developments in large area x-ray detectors using uncooled solid-state detectors have
made atomic-resolution chemical imaging using energy-dispersive X-ray spectroscopy (XEDS) in an
aberration-corrected STEM feasible. However, EBIC measurements in the STEM have not yet become a
routine approach for semiconductor materials characterization. This is in part due to the low anticipated
EBIC signal and the unique sample preparation needed to extract the current, which can limit the
attainable spatial resolution or other analytical signals to be measured. A few recent publications have
reported STEM based EBIC-type measurements, including two-dimensional mapping of the EBIC signal
across a metal/semiconductor interface.4–8 While a recent study correlated atomic-resolution STEM
imaging with EBIC measurements at dislocations in oxide hetero-interfaces,9 the authors did provide a
quantitative analysis of the carrier recombination at the defects.

In this Letter, we will demonstrate that EBIC measurements and simultaneous atomic-resolution high-
angle annular dark �eld (HAADF) imaging can be performed in an aberration-corrected STEM using a
Protochips Fusion holder. Using a single-crystal GaAs nanowire p-i-n diode as a prototypical
heterostructure, we will show that the EBIC signal-to-noise ratio is large enough to determine the minority
carrier diffusion lengths. The spatial resolution provided by atomic-column resolved HAADF imaging
allows for simultaneous electron energy-loss spectroscopy (EELS) and XEDS spectrum imaging to be
performed. This can be used to correlate the local atomic and electronic structures with the electrical
activity of individual defects.

Methods
GaAs nanowires were grown in a metal-organic vapor phase epitaxy (MOVPE) system by use of the
vapor-liquid-solid (VLS) growth mode at 100 mbar pressure using H2 as the carrier gas with a total �ow of
6l/min. A 70 nm thick SiNx growth mask for pattern preservation was deposited on a GaAs (111)B
substrate, after which it was patterned wit h a hexagonal pattern of 190 nm diameter holes in a pitch of
500 nm, using nano imprint lithography (NIL) and wet chemical etching.10  Au catalytic particles were
de�ned by the evaporation  of 70 nm gold on the patterned substrate and lift off.10  Rectangular
substrates mechanically diced to samples of  9x11 mm in size were used for the growth. General details
on GaAs nanowire growth can be found in Ref. 11. For this study, a GaAs nanowire sample consisting of
a p-(i)-n structure (i.e., no intentional dopants are used during the middle segment growth) was grown.
The total growth time at 450 ℃ was 17 min. Growth was initiated by introducing trimethylgallium
(TMGa) (χTMGa = 2.5×10-5), arsine (AsH3) (χAsH3 = 1.7×10-3) and diethylzinc (DEZn) (χDEZn = 2.0×10-6) to
the �ow to grow the p-type segment for 1.42 minutes after which DEZn was switched off for 11.17
minutes to grow a nominally intrinsic segment. Then TESn (χTESn = 4.8×10-5) was introduced for 4.42
minutes to grow the n-type segment. The nominal segment lengths were 0.2 (p), 1.6 (i) and 0.2 (n) μm.
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HBr (χHBr = 7×10-6) was used during the nanowire growth to avoid radial growth.12 These growth
conditions resulted in nanowires with a diameter of 160 ± 5 nm and length of 2.3 ± 0.1 µm.

A sample with the GaAs diode nanowires grown on top was placed in an Eppendorf tube and immersed in
0.25 mL of deionized (DI) water. It was then sonicated for 1 minute to release the nanowires from the
substrate. When the liquid turned to a slight pink color, 5 µL of the dispersion were sucked with a
micropipette, and a droplet was placed on the center of a Protochips Fusion low noise electrical biasing e-
chip. The droplet was then slowly dried by holding the e-chip above a hotplate at 150° C, to avoid the
formation of rings being created by the drying front of the droplet. The e-chip was then placed on an SEM
stub with Cu tape and put inside a FEI Helios Nanolab SEM / FIB with a Pt deposition gas source. Pt lines
were then made to connect the Au electrodes on the e-chip with an isolated nanowire spanning one of the
holes in the support �lms. The Pt lines were deposited at 5 kV, 1.4 nA using the SEM e-beam. A schematic
of the nano-wire con�guration is shown in Figure 1. 

I-V measurements were performed using a Keithley 236 Source Measure Unit connected to a 2-point
microprobe system (MMR Technologies Inc. Model No. R2400-22) to determine if electrical contact has
been established successfully to a single nanowire diode.  The measurements were conducted at room
temperature and atmospheric pressure, sweeping the voltage in steps from -2 V to +2 V with a 10 ms
settling delay and a 1/60 second integration time.

The STEM measurements were performed using an aberration-corrected JEOL ARM200CF at the
University of Illinois at Chicago. The instrument is equipped with a cold-�eld emission electron source
and a CEOS probe-corrector, allowing for a probe-size of smaller than 70 pm and an energy resolution of
less than 350 meV using a 200 kV primary electron energy. EELS and XEDS measurements were
performed using the post-column Gatan Continuum spectrometer and the Oxford XMAX100 TLE detector.
A probe-convergence angle of 27 mrad was chosen with an inner detector angle of 75 mrad for HAADF
imaging. The e-chip was placed in a Protochips Fusion Select holder which has been optimized for low
current signals.

Results
After the nanowire sample was drop-cast onto the e-chip devices, as shown in the schematic in Figure 1,
any nanowire that spans the 3  m holes in the support �lm was contacted to the Au electrodes of the e-
chips using Pt lines deposited in the FIB-SEM. Pt has been shown to make good ohmic contact with the p-
type doped side of the GaAs nanowire and the Au catalyst on top of the n-type doped section of the GaAs
nanowire diode.13-15 Figure 2a) shows a low-magni�cation SEM image of a GaAs nanowire diode after
deposition onto the echips device. The four Au contacts acre clearly shown at the four corners of the
micrograph. Figure 2b) shows a magni�ed view of a region where a nanowire spans the hole in the
support �lm. The deposited Pt contact lines can be seen in this SEM micrograph as the bright features
connecting the two ends of a nanowire diode to the Au contacts of the device (not shown in Figure 2b).
The I-V measurement for this nanowire diode is shown in Figure 2c), con�rming that good electrical



Page 5/13

contacts to both sides of the diode is established. We note that the diode properties (ideality factor) for
this speci�c nanowire device are very similar to those that have been measured in the SEM while still
attached to the substrate. Notable differences are the increase in Ohmic resistance, potentially due to the
Pt point contacts and connecting lines, as well as a possible conductive surface layer. Neither of these
effects, however, will in�uence the EBIC data that will be discussed next.

Figure 3a) shows a low magni�cation high-angle annular dark �eld image, obtained in the aberration-
corrected JEOL ARM200CF STEM. Here, the Pt contacts can be identi�ed at the top and bottom of the
nanowire diode, in addition to the Au catalyst at the top of the GaAs nanowire.

It is clearly visible in Figure 3a) that only one nanowire is connected by the Pt contact. An atomic-
resolution HAADF image is shown in Figure 3b), revealing the atomic structure of the GaAs nanowire at
the p-i-n junction (as identi�ed in prior EBIC measurements). The GaAs nanowire sample was tilted
towards the (211) orientation which was the closest major zone axis that could be reached by the holder
tilt limited by the small gap in the ultra-high-resolution gap of the 

ARM200CF’s objective lens pole-piece. It should be noted here that the GaAs columns, which are
separated in this projection by 81 pm are not resolved. This is attributed to both the large sample
thickness at the center of the nanowire and the high-current probe-size used for the STEM-EBIC
measurements. The electron-probe size used for the measurements shown here is ~ 100 pm, but lower
current settings can reach a probe diameter of better than 70 pm.16

Figure 3c) shows the STEM-EBIC signal from the nanowire diode shown in Figure 3a). The signal was
acquired by placing the stationary electron probe at speci�c distances from the p-n junction, while
simultaneously recording the current created by the electron beam. It is important to note here that
reference data taken far away from the p-i-n junction do not lead to any current signal, and the resulting
data is shown in the Supplemental Online Material. The data clearly shows that the EBIC signal, once the
electron probe approaches the diode junction, is signi�cantly larger than the noise of the measured
current signal. This suggests that smaller electron probe currents, and thereby smaller electron probe
sizes, can be used in future experiments to further optimize the spatial resolution of these measurements.
 Figure 3c) shows the measured STEM EBIC signal as a function of position across the p-n junction but
from acquired from different distances with respect to the surface of the same nanowire. The STEM-EBIC
signal from the center of the nanowire is signi�cantly higher compared to the signal taken near the
surface of the sample. The higher signal could be simply due to the larger sample thickness at the center
of the nanowire or due to the presence of a passivation layer.  As previously reported, there is a
passivation layer on the surface of the nanowire formed either by an amorphous carbon or a native oxide
layer (or a combination of both).7 The data taken near the surface of the sample contains a larger volume
fraction of these surface layers, which results in a reduction of the STEM-EBIC signal.

For each position along the center of the nanowire as well as at the edge, a second set of STEM-EBIC
data was acquired after an hour of electron beam exposure to assess the effects of the electron beam on
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the sample. We note that the STEM-EBIC signal is reduced in the second measurements, with a large
reduction in the STEM-EBIC signal observed for the data taken from the region near the surface of the
nanowire.  Similar effects have been previously observed and were attributed to interstitial and vacancy
defects created by the electron beam exposure.7 These point defects can act as deep-level traps within
the band gap of GaAs, and increase the probability of e-h recombination through the Shockley-Read-Hall
process.

Discussion And Conclusions
The dependance of the measured EBIC signal on the distance from the diode junction can be used to
extract the minority carrier diffusion length. It is well established that the EBIC current is related to the
distance by the following equation:

1
,

where x is the distance from the p-i-n junction and L is the carrier diffusion length.5 This equation is valid
as long as the EBIC signal is acquired far away, with respect to the diffusion lengths, from the metal
contacts, which is clearly the case in the nanowire setup used here. The values for L were determined
using a linear least square regression of the data in a semi-log plot, and the �tting parameters for the
minority carrier diffusion lengths in the p- and n-type regions of the GaAs nanowire diode are summarized
in Table 1.

EBIC measurements using an SEM were also conducted at Lund University for several nanowire
diodes,17,18 and a representation measurement is shown in Fig. 3d). The SEM EBIC signal is compared to
the normalized signal extracted from the STEM-EBIC measurements, which is also shown in Fig. 3d). It is
interesting to note here that the EBIC pro�le for the STEM measurements is signi�cantly smaller
compared to the SEM-EBIC data. This is also re�ected in the minority carrier diffusion length extracted
from the SEM-EBIC data. For the n-type region, LD,n = 134.4 nm while for the p-type region LD,p = 210.9 nm
was measured using the same approach described for the STEM-EBIC data. It is interesting to note here
that the SEM-EBIC data appeared to be a factor of ~ 2.5 larger for both the n- as well as the p-type
regions, suggesting a systematic difference in the way that the two measurements are performed.

 

I = I0e
−x/L
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Table 1
Minority carrier diffusion lengths estimated from EBIC

current plots
EBIC signal source LD,n (nm) LD,p (nm)

Nanowire center (initial) 50.5 ± 0.4 89.9 ± 1.1

Nanowire center (after 1 hr) 63.2 ± 4.0 120.8 ± 3.6

Nanowire edge (initial) 77.3 ± 14.4 78.4 ± 2.6

Nanowire edge (after 1 hr) 40.8 ± 4.2 66.7 ± 2.8

We suggest that the difference in the signal localization is the most likely explanation for the discrepancy
in the EBIC signals measured by STEM and SEM. As discussed above, the electron probe size in STEM is
approximately 0.1 nm at the top surface of the nanowire. When oriented along a crystal zone axis, as
done here, the highly convergent electron-probe stays largely focused on the illuminated atomic column,
spreading to only the �rst few next nearest neighbor columns by the time the electron beam exits the
bottom surface of the nanowire. Monte-Carlo simulations using CASINO v3.3, which do not consider the
effects of atomic-column channeling, can provide an upper bound for the spread of the electron beam at
an incoming energy of 200 kV and a convergence angle of 27 mrad of 5 nm. Performing similar
simulations for a 5 kV SEM probe with a 1 nm probe diameter at the top surface of the nanowire shows
an excitation volume 50–70 nm where nearly all electrons have been absorbed within the nanowire
diameter. The trajectories of select electrons for both experimental conditions are shown in the
Supplemental Materials. Therefore, the increase in the minority carrier diffusion length measured by SEM-
EBIC can be attributed to the excitation volume size of the lower energy electron beam, which is about an
order of magnitude larger than that of the high-energy STEM probe, where nearly all electrons are
transmitted through the entire thickness of the nanowire.

Summary
We have demonstrated that atomic-resolution STEM HAADF imaging and STEM-EBIC measurements can
be conducted simultaneously on a GaAs nanowire diode sample. We found that the minority carrier
diffusion lengths, as measured by the highly localized STEM probe, are signi�cantly smaller than that
measured by SEM, which we attribute to the larger excitation volume of the absorbed SEM electron beam.
We have shown that the effects of point defects, created by the high energy electron beam, on the
diffusion length can be directly determined using the STEM-EBIC approach. While the hetero-junction in
the nanowire samples appears to be free of extended defects, the sample con�guration and STEM-EBIC
measurement setup will enable the effects of such defects on the carrier lifetimes to be directly
measured. Moreover, simultaneously acquired EELS and XEDS spectrum images should be possible to be
obtained to directly correlate the local chemical and electronic structures with the measured STEM-EBIC
signals. The high signal-to-noise ratio obtained from the GaAs nanowire diode suggest that future
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measurements can be further optimized to improve the spatial resolution of the HAADF images or the
�eld of view of two-dimensional STEM-EBIC maps.
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Figure 1

Schematics of nanowire EBIC con�guration: a) the 4-probe e-chip with nanowires; b) one nanowire is
connected to the contacts using e-beam Pt.
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Figure 2

GaAs nanowire diode sample and I-V characteristics. (a) Low-magni�cation SEM image of a GaAs as
deposited on the echip device. The nanowire measured here is located inside the rectangular shape
outline in the center. b) Magni�ed view of the area indicated in a) after the nanowire is connected to two
contacts using Pt. c) I-V curve of nanowire device in the dark showing diode rectifying behavior.
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Figure 3

STEM-HAADF imaging of GaAs nanowire diode and EBIC currents. a) Low magni�cation STEM HAADF
image of entire nanowire device, showing the e-beam deposited Pt contacts, the Au catalyst particle from
which the nanowire was grown, and its entire length. b) Atomic-resolution STEM HAADF image of GaAs
(211) near the diode junctions. c) EBIC current pro�les obtained along the length of the nanowire. “Center”
corresponds to pro�les obtained along the center of the nanowire and “edge” to pro�les obtained 10 nm



Page 13/13

from the edge of the nanowire. Pro�les were obtained both right after the start of its imaging and after 1
hr of exposure to the STEM beam. d) Normalized EBIC signal comparison with SEM-EBIC data from
similar nanowire devices. 
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