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Electronic devices are extremely sensitive to defects in their constituent semiconductors, but lo-
cating electronic point defects in bulk semiconductors has previously been impossible. Here we apply
scanning transmission electron microscopy (STEM) electron beam-induced current (EBIC) imaging
to map electronic defects in a GaAs nanowire Schottky diode. Imaging with a non-damaging 80 or
200 kV STEM acceleration potential reveals a minority-carrier diffusion length that decreases near
the surface of the hexagonal nanowire, thereby demonstrating that the device’s charge collection
efficiency (CCE) is limited by surface defects. Imaging with a 300 keV STEM beam introduces
vacancy-interstitial (VI, or Frenkel) defects in the GaAs that increase carrier recombination and
reduce the CCE of the diode. We create, locate, and characterize a single insertion event, deter-
mining that a defect inserted 7 nm from the Schottky interface broadly reduces the CCE by 10%
across the entire nanowire device. Variable-energy STEM EBIC imaging thus allows both benign
mapping and pinpoint modification of a device’s e-h recombination landscape, enabling controlled
experiments that illuminate the impact of both extended (1D and 2D) and point (0D) defects on

semiconductor device performance.

Crystal defects in semiconductor devices, whether s
present at fabrication or introduced later via radiation ss
damage, can dramatically impair device performance[l— ss
6]. Commonly-used methods for characterizing semi- s
conductor defects have spatial resolution that is crude s
compared to the feature size in modern microelectronic so
devices. For example, capacitance-voltage (CV) profil- s
ing [7] and deep-level transient spectroscopy (DLTS)[8] &
can extract defect concentrations and energy levels, re- e
spectively, from simple heterojunctions. But the spatial 63
information provided by these techniques is one dimen- e
sional at best. Two dimensional mapping is possible with es
scanning electron microscope electron-beam induced cur- e
rent (SEM EBIC) imaging, which can locate electrically-
active extended (i.e. one- and two-dimensional) defects[3, e
9-11], monitor the development of conducting filaments e
in metal-oxide resistive memory[12], measure depletion 7
region widths [13], and map minority carrier diffusion =
lengths[3, 14-16]. However, the spatial resolution of SEM 7
EBIC imaging is limited by the size of its e-h (electron-
hole) generation volume[17]. In a standard, electron-
opaque SEM sample, most primary (beam) electrons de-
posit nearly all of their energy in the sample. The re-
sulting pear-shaped e-h generation volumes are of order
100 nm on a side[17, 18], which is large compared to fea-
ture sizes in many modern devices.

Because a STEM sample is electron-transparent, the
corresponding e-h generation volume is the cylindrical, :
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narrow neck of the SEM e-h generation pear[19]. With
this much smaller e-h generation volume STEM EBIC
imaging has the potential to achieve much higher spatial
resolution than SEM EBIC imaging[20-26]. Moreover,
the higher beam energies accessible with STEM (usually
60-300 keV vs. the 1-30 keV of SEM) span the knock-
on threshold in semiconductors, which allows a STEM
operator to choose whether or not to introduce knock-
on displacements in a semiconductor device precisely at
the position of the sub-nm? STEM beam. The combi-
nation of superior spatial resolution and precision mod-
ification enables in situ STEM EBIC experiments that
directly reveal e-h recombination physics in semiconduc-
tor nanodevices. In essence, the STEM’s focused elec-
tron beam serves both as a highly localized source of
B-radiation damage, and as an immediate local probe
of its effects. This combination allows individual point
(i.e. zero-dimensional) defects to be located to within

< 1 nm?.

To produce targets for demonstrating these capa-
bilities, we fabricate heterojunctions in semiconductor
nanowires (Fig. la), which are model systems for elu-
cidating defect physics[5, 14-16, 27-29]. We put Au
contacts on 130 nm-diameter p-type GaAs nanowires
(Fig. S1) with electron-beam lithography, and then
briefly anneal the devices [30, 31] (see Supplementary
Information). At elevated temperatures gallium and ar-
senic interdiffuse with the gold at the contacts, forming
abrupt (< 2 nm) axial Au-GaAs heterojunctions aligned
with the (111) GaAs planes (Fig. 1b). Since the growth
direction of the GaAs nanowires is along the [111] crys-
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FIG. 1. STEM EBIC imaging of a Au-GaAs nanowire heterojunction. A low-magnification, 200 kV STEM annular
dark-field (ADF) image (a) of a device shows 130 nm diameter GaAs nanowires and 250 nm-thick, lithographically-defined gold
contacts supported by a 15 nm-thick silicon nitride membrane. An SEM image (a, inset) acquired with 30° stage tilt, shows the
nanowires as grown, before transfer to the silicon nitride membrane (unlabeled scale bar is 500 nm). When the region indicated
in green in (a) is imaged at higher-magnification (b), twin boundaries in the GaAs appear as horizontal lines separated by a
few nm (Figs. 5a—e show such boundaries more clearly in another device). An EBIC image (c), acquired simultaneously with
(b), reveals the e-h separation that occurs near the Au-GaAs heterojunction. The electrical connections and the locations of
the TIA, STEM detectors (ADF,BF), and analog-to-digial converter (ADC) are indicated on a cartoon (d).

talline direction, these heterojunctions are self-aligned s3
perpendicular to the nanowire axis. Striations in STEM 34
annular dark-field (ADF) images of the GaAs nanowire s
(Fig. 1b) indicate twin boundaries within the zincblende
crystal[27]. ¥

Connecting a transimpedance amplifier to a device *
(Fig. 1) allows us to generate a STEM EBIC image simul- *
taneously with every STEM ADF image [20, 24, 25]. The *
contrast mechanisms generating the two types of images *
are entirely different, and thus the images provide com- *
plementary information. The ADF images (Fig. la,b)
provide information only about the device’s physical "
structure (e.g. composition and crystal lattice orienta- "
tion), while the EBIC image (Fig. 1c) also reveals the
device’s electronic structure, in this case the CCE, the -
size of the space-charge region, and the minority carrier "
diffusion length.

49

We understand the EBIC signal as being generated as so
follows. Within some generation volume G surrounding s
the path of the primary electrons through the sample, s
the STEM electron beam creates e-h pairs. The pairs are s
created by plasmon decay or by secondary electrons re- s
sulting from primary electrons [18, 19]. The electron-hole ss
pairs then diffuse some distance, parametrized by a diffu- s
sion length L, before recombining probabilistically with s
a hole. Electrons that happen to diffuse to the space- s
charge region near the Au-GaAs heterojunction can be so
permanently separated from their holes by the built-in e
electric field E. The separated charge is collected by the &
electrodes and constitutes the EBIC. The CCE, which e
here is the ratio of the EBIC to the rate of e-h pair gen- 63
eration, determines what fraction of e-h pairs are col- e

lected. The e-h generation rate is relatively insensitive
to crystal defects, while the CCE is lowered by recombi-
nation centers within the GaAs. Thus relative changes
in CCE due to carrier recombination have a proportional
effect on the EBIC. The EBIC also depends on the beam
position within the nanowire through three size scales:
the radius R of the e-h generation volume, the diffusion
length L, and the thickness ¢ of the space-charge region
(i.e. the region with non-zero E). A single EBIC image
can provide information on each of them[32].

Imaging another device with STEM ADF (Fig. 2a) and
STEM EBIC (Fig. 2b) shows how these length scales
collectively determine the shape of the EBIC profile
(Fig. 2¢). The STEM ADF image shows the location
of the heterojunction, twin boundaries in the GaAs, and
some voiding in the Au. The STEM EBIC image shows
a CCE that varies in a non-trivial way as a function of
position. Just as the point-spread function limits the
resolution of e-beam lithography([33], the size of the e-h
generation volume, G, limits the EBIC electronic spatial
resolution. It manifests itself clearly here in at least two
ways [34]. First, a non-zero EBIC is generated when the
beam is incident on the Au side of the heterojunction,
even though e-h pairs are not separated in the Au bulk.
Fitting an EBIC line profile along the nanowire center-
line on the Au side of the heterojunction (Fig. 2¢, blue
profile, purple line) to an exponential I e*/Fau yields a
decay length Ray = 9.44+0.2 nm, where the error bar re-
flects the statistical uncertainty in a linear least-squares
fit. This length scale R, measures how far from the
heterojunction the beam can be and still create e-h pairs
that get separated. (While labeled as the radius R of
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nanowire. A STEM ADF image (a) and EBIC image (b) ¥
are acquired simultaneously with a 200 kV accelerating po- *®
tential. EBIC line profiles (c) are extracted from the center *
(dashed blue line) and the edge (dashed red line) of the device s
in (a,b). The EBIC decay length in the Au (purple line) and
the GaAs (brown line) measures the radius R of the e-h gener- ,,
ation volume G in each material. In the GaAs far (> 50 nm)
from the interface, the EBIC decay length (green line) mea- “
sures the minority-carrier diffusion length L. All panels are .

aligned on the same z axis.
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G within the Au, this variable might be better labeled so
L, instead, depending on whether the EBIC is primar- e
ily generated by secondaries that produce e-h pairs in &
the GaAs, or by e-h pairs in the Au that diffuse to the «
heterojunction[35].) Second, the EBIC profile maximum e
20 nm away from the heterojunction interface indicates e
that, when the beam is in the GaAs near the hetero- es

junction, some of the G is in the Au, where the CCE
is much smaller. Fitting an EBIC line profile along the
nanowire center-line on the GaAs side of the heterojunc-
tion (Fig. 2c, blue profile, brown line) to an exponential
I x e¥/Bacaas yields Rgaas = 9.6 + 0.4 nm, which indi-
cates the radius R of G within the GaAs. This model
also explains the hiccup in the line profiles (also clearly
visible in Fig. 2b) at the heterojunction: moving across
the boundary into the Au actually increases the EBIC
(even though e-h pairs are not separated in the Au bulk)
because G is continuous while the absolute number of
secondary electrons increases discontinuously.

On the Au side of the heterojunction the electric field
FE = 0, while on the GaAs side a substantial electric field
E # 0 exists in the space-charge region. Thus near the
heterojunction the CCE is a step function with approxi-
mate values of zero within the Au and unity within the
GaAs [32], and the EBIC o< GxCCE measures G as just
described. Far (> 50 nm) from the heterojunction in the
GaAs the FE-field returns to zero, the minority-carrier
transport is dominated by diffusion, and the EBIC mea-
sures the CCE. With increasing distance from the space
charge region the EBIC in the GaAs decays exponen-
tially, with a decay length equal to the minority-carrier
diffusion length L. Fitting the EBIC current in the cen-
ter of the nanowire (Fig. 2c, blue profile) to I o< e=%/F
[18], where z is the distance from the heterojunction,
gives L = 19.7+0.1 nm (green line), where the error bar
again reflects the statistical uncertainty in a linear least-
squares fit. This relatively short diffusion length likely
results not from the nanowire’s dense zincblende twin
boundaries (Fig 2a), but rather from surface recombina-
tion [15]. For instance, the surface-to-volume ratio at the
thin edge of the nanowire is larger, and an EBIC profile
at the edge (Fig. 2¢c, red profile) shows a much smaller
minority-carrier diffusion length L = 13.240.9 nm (green
line). Thus e-h pairs generated nearer the nanowire sur-
face are more likely to recombine. While L is much
smaller than the nanowire diameter D = 130 nm, this
fact is not as surprising as it might seem at first: on av-
erage, any point in a long cylinder of diameter D is only
a distance D /6 away from the cylinder surface.

The nanowire’s simple shape facilitates the interpre-
tation of the EBIC data. ADF STEM data (Fig. 3a =
Fig. 2a rotated) show that the nanowire’s cross-section
(Fig. 3b) is a near-perfect hexagon (Fig. 3c). To give
a sense of scale, a slice of a cylindrical e-h generation
volume with R = 10 nm is superimposed on the GaAs
nanowire’s hexagonal cross section in Fig. 3c.

STEM EBIC imaging’s extraordinary spatial resolu-
tion reveals how charge recombination varies as a func-
tion of not only the nanowire’s axial coordinate, but also
its radial coordinate (compare e.g. Ref. 15). Extend-
ing the STEM EBIC analysis of Fig. 2 by fitting at ev-
ery distinct axial coordinate, we map both the minority-
carrier diffusion lengths L (which determine the CCE)
and the radii R (which determine G) across the width
of the nanowire. The diffusion length L decreases from
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nanowire. (a) The data of Fig. 2a are rotated 90° to align «
the Schottky interface with the horizontal axis. Summing 4
the ADF signal from the dashed-green ROI in (a) gives a ,
profile (b) approximately proportional to the sample thick- ,
ness. This profile agrees well with the projected thickness
of a geometrically-perfect hexagon (dashed-red line in b). A
slice of the cylindrical e-h generation volume is overlaid on the
nanowire cross-section (c), with a decay radius R = 10 nm. *
The generation volume radii R in Au and GaAs and the **
minority-carrier diffusion length L in the GaAs are plotted 2
as a function of radial position across the hexagonal nanowire 53
in (d). The L and R measurements shown explicitly in Fig. 2d s
are highlighted in blue (center) and red (edge) here. All pan-
els are aligned horizontally on the same distance axis.
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20 nm near the center axis of the 130 nm-wide nanowire
to 13 nm near the edges (Fig. 3d, green plot), as expected
for recombination occurring primarily at the nanowire
surface.

The generation volume G’s effective radius R is less
than 10 nm in both the Au (Fig. 3d, purple points)
and the GaAs (brown points). Due to voiding in the
Au (see Figs. 2a and 3a), these curves are irregular on
one side of the nanowire. Near the nanowire’s center
the corresponding (cylindrical) STEM EBIC generation
volume is G ~ 4 x 10* nm?, while an SEM generation
volume with effective radius r ~ 100 nm (appropriate for
a b keV accelerating voltage[17]) is x100 larger. STEM
EBIC’s resolution advantage is ~ r/R, or a factor of 10,
relative to SEM EBIC.

Taking the ‘electronic structure resolution’ to be the
full-width, half-maximum (FWHM) of the generation
volume, our measured resolution is (2In2)R = 14 nm.
Note that our STEM EBIC images show smaller features,
implying better STEM EBIC resolution, but that these
features are primarily generated by changes in physi-
cal structure, not electronic structure. For instance, the
STEM EBIC images show both the thickness variations
that accompany the twin boundaries (~ 2 nm) and the
EBIC hiccup (~ 3 nm) at the heterojunction (Fig. S6).

This resolution advantage creates qualitatively new ca-
pabilities: STEM EBIC, unlike SEM EBIC, can map de-
vice parameters like the minority-carrier diffusion length
across an individual nanowire. Our measured Rgaas Of
10 nm is an order-of-magnitude larger than predicted by
the CASINO Monte Carlo simulator[19, 36, 37]. We at-
tribute this discrepancy to CASINO’s omission of plas-
mon generation (the dominant energy loss mechanism in
GaAs for electrons of < 50 eV energy [38]) in its calcula-
tion of stopping power at low electron energies.

Within 50 nm of the interface, the EBIC signal is be-
low the continuation of the green lines on the log-linear
plot (Fig. 2¢). Near the heterojunction we might instead
expect the EBIC increase as the local E-field increases
in the space-charge region. As mentioned above, the ob-
served decrease indicates that some of the e-h generation
volume G is in the Au (Fig 3d). Based on the position of
the knee in the EBIC data, the thickness ¢ of the space-
charge region is ~ 50 nm.

To compare damage rates at various accelerating volt-
ages, we image the device of Figs. 2 and 3 while keep-
ing all other imaging conditions (e.g. the 50 pA STEM
beam current, 762 us pixel dwell time, and 0.87 nm pixel
size) constant (Fig. 4). Repeated imaging at 80 kV and
200 kV has little effect on the EBIC, but 300 kV imag-
ing markedly reduces the EBIC signal (Fig. 4a). (The
EBIC magnitude decreases as the accelerating potential
increases because higher energy electrons deposit less en-
ergy per distance traveled in a solid [39].)

As a function of dose, the EBIC, and thus the CCE,
decreases linearly at 300 kV (Fig. 4b). We attribute
the reduction in CCE to knock-on damage that intro-
duces electronically-active vacancy-interstitial (VI) de-
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FIG. 4. STEM EBIC at 80, 200, and 300 kV accelerating voltage. Line profiles (a) show the effect of repeated imaging
of a device (shown in Fig. 5) at 80 kV (green), 200 kV (cyan) and 300 kV (red). Line profiles are extracted from the cyan
boxes shown in Fig. 5a. Only the 300 kV curves show a significant decrease in the EBIC with repeated imaging. Plotting the
profile minima, normalized relative to their initial values, versus dose shows (b) a linear dose effect at 300 kV and insignificant
effects at 80 and 200 kV. At 300 kV the maximum EBIC decreases by ~ 3% per image. Error bars on the 80, 200 and 300 kV
data series are determined by setting the reduced x? = 1 for the linear fits. Normalizing the profiles of the 300 kV data series
by the minimum value of each (c) shows that only the amplitude of the EBIC line profile changes, not the shape.

fects, probably on the As sublattice [40]. These defects 2
function as e-h recombination centers, reducing the cur- 2
rent that is collected to form the EBIC signal. Energy 2
and momentum conservation dictate that the maximum 2
possible energy transfer from a beam electron to a gal- s
lium (mass number A = 70) nucleus is 2.7, 7.5, and x
12.2 eV for incident electron kinetic energies of 80, 200, 2
and 300 keV, respectively [39]. The maximum energy s
transfer varies inversely with the mass of the target nu- s
cleus, so the numbers for arsenic (A=75) are nearly the
same (2.5, 7.0, and 11.4 eV, respectively). Gold (A=197)
allows only 70/197 ~ 1/3 the energy transfer, which
is small enough at all of the accelerating voltages used .,
in these experiments that the displacement or knock-on
damage in this material is negligible. But the displace- ,,
ment damage threshold energy in GaAsis ~ 10 eV [1, 40—
42] (although with substantial uncertainty — see Ref. [42]
and references within), which leads us to expect an onset

of electron beam-induced displacement damage between *
the accelerating voltages of 200 and 300 kV. “

45

One might expect sputtering to be a more important 4
damage mechanism than displacement, since sputtering «
has larger cross sections and smaller threshold energies 4
[43]. However, while we expect that sputtering does oc-
cur in these experiments, we do not attribute the CCE s

drop to this mechanism for two reasons. First, sputtering
is expected at all three accelerating voltages, but changes
in EBIC are insignificant at 80 and 200 kV (Fig. 4). Sec-
ond, the EBIC spatial profile is consistent with a sur-
face recombination probability near unity (Figs. 2-3).
In short, while sputtering damage doubtless occurs, the
nanowire surface is already so defective that further dam-
age has no significant effect on the e-h recombination
probability.

After they have been normalized relative to their min-
ima, all twelve EBIC profiles acquired at the damag-
ing 300 kV accelerating voltage overlap closely (Fig. 4c).
That the defects introduced do not change the minority-
carrier diffusion length L indicates that L is still dom-
inated by surface recombination, and that this length
scale is determined by the nanowire cross section as dis-
cussed earlier.

Repeated imaging of this device at 300 kV thus causes
a substantial reduction in the EBIC (and thus the CCE)
of the nanowire junction — the radiation damage de-
stroys this device’s ability to effectively separate of e-h
pairs. Given the large dose (six million 300 keV elec-
trons per square nanometer) and accompanying efficiency
drop, it is remarkable that the device appears undam-
aged in the standard STEM imaging channels (Figs. 5a—
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FIG. 5. Annular dark-field, bright-field, and EBIC imaging before and after irradiation with 300 kV STEM
electrons. STEM ADF, bright-field (BF), and STEM EBIC images acquired before (a,d,g) and after (b,e,h) a dose of 6.0 x 10°
e~ /nm? at 300 kV accelerating voltage. The total dose is applied while acquiring the twelve images #22-#33 (Fig. 4) and

three alignment images (between #21 and #22). Line profiles

are extracted (c,f,i) by horizontally averaging data within the

blue boxes. A dashed brown line in the line profiles indicates the Au-GaAs interface. Irradiation produces almost no change in
the conventional imaging channels (ADF, BF), but a 44% decrease in the maximum EBIC, which highlights the advantage of
EBIC over conventional imaging for revealing functional properties such as the CCE.

f). But while standard STEM imaging is blind to the in- 1
serted defects, which have a relatively minor effect on the 1s
nanowire’s physical structure, EBIC imaging (Figs. 5g—

i), vividly reveals their outsize impact on the nanowire’s *°

electronic structure (namely a 44% reduction of the max- "
imum EBIC). *

19

The device of Figs. 2-5 is part of a larger circuit 2
(Fig. 6). At low magnification a second heterojunction, »
on an adjacent nanowire but also in the circuit, is visible. »
The second heterojunction is imaged at lower magnifica- 23
tion and less frequently (4.8 nm pixel size, 0.762 us dwell 2
time), and is thus subjected to less than 1% of the ra- 2
diation dose of the irradiated junction. This adjacent 2

junction can control for changes that are independent of
radiation dose.

To corroborate the role of radiation-induced defects in
the observed EBIC reduction, after image #33 of Figs. 4—
5 we anneal the nanowire device in an inert argon at-
mosphere at 250°C for 30 minutes. Such treatment re-
duces the density of VI defects within the nanowire, since
the elevated temperature makes the beam-induced de-
fects mobile, allowing interstitials and vacancies to meet
and annihilate[40, 44]. After the annealing treatment,
we image the nanowire heterojunction again (Fig. 6).
The anneal restores the EBIC to its pre-irradiated value
(i.e. restores the 44% lost) while changing the measured
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FIG. 6. STEM EBIC before and after annealing. A low-magnification STEM ADF image (a) of the device of Figs. 2-5

shows both the heavily irradiated Au-GaAs heterojunction (red

square) and the adjacent control, a heterojunction irradiated

less frequently and only at low magnification (cyan arrow). The simultaneously-acquired EBIC image (b) shows that the
two heterojunctions have EBICs with opposite signs because of their relative orientations in the circuit. The red and cyan
rectangles in (b) indicate the sources of the line profiles in the red and cyan plots of (c). After irradiation with 300 kV electrons

the magnitude of the irradiated heterojunction’s EBIC is reduced relative to the control.

heterojunction’s EBIC recovers.

EBIC in the control junction by only a small amount 3
(< 10%). The post-anneal restoration is consistent with s
the hypothesis that the radiation-induced CCE reduction 4o
is caused by defects — specifically VI defects — that an- «
neal away at high temperature. P

The STEM’s precise electron beam positioning allows *
us to observe the effect of selectively dosing just part of *
the nanowire. In an experiment performed on the Fig. 6 *
device (after the annealing experiment), we irradiate a *
narrow strip of GaAs that only spans half of the nanowire +
heterojunction (denoted by dashed green box in Fig. 7a). 4
With 300 kV, a 50 pA beam current, a 0.633 nm pixel 4
size, and a 2.3 ms pixel dwell time, the dose per area per s
strip image, 1.8 x 10 e~ /nm?, is 5.5x that of the Fig. 4 =
experiment. As in the experiment of Fig. 6, we acquire =
low dose images before and after the high-dose images s3
for purposes of comparison. (Here a 153 us dwell time s
and 1.27 nm pixel size of the two low-dose images con- 5
tributes only 1.1% of the combined dose from the three ss
strip images.) The difference between the before and s
after images (Fig. 7d) shows that the localized strip irra- s
diation decreases the CCE across the entire width of the so
nanowire. 60

By comparing consecutive EBIC images we can, in
some cases, precisely identify the position where an ©
electrically-active defect is inserted. ADF (Fig. 7 el, e2, ©
e3) and EBIC (f1, {2, d3) images are collected simultane-
ously in the three high-dose strip images. In the (stan- ¢
dard) raster pattern used here, the electron beam scans es
across one row from left to right, and then moves down e
to scan the next rows in sequence in the same direction. es
Each strip image shows a dose-induced EBIC decrease, e
as in Fig. 4. EBIC difference images (Fig. 7 g1, g2) reveal
a sudden drop (8 pA magnitude) in the EBIC that occurs n
in a single 0.63 nm pixel. We attribute this sudden drop »
to the insertion of an electrically-active defect during the 7
second strip image, at the pixel indicated by the yellow 7

After an anneal the irradiated

cross (Fig. 7 €2). Notably, since the displaced atom of a
VI defect can travel only a few angstroms from its original
position at these low energies, and likely in the direction
of the electron beam, the yellow cross marks the final
location of this single defect [1, 42]. Thus the defect gen-
eration volume is much smaller than the e-h generation
volume, and EBIC imaging is able to locate VI insertion
events with a much higher precision (< 1 nm) than its
electronic resolution of ~ 10 nm.

Comparing in Fig. 7gl the 30 pixels to the left and
to the right of the insertion event, and the four rows on
either side, we find a pre-event EBIC difference of 7 pA
and a post-event EBIC difference of 20 pA, with pixel-
to-pixel standard deviations of 2.4 pA (Fig. S7). The
~ 10%, single-pixel reduction in the EBIC is thus statis-
tically significant, and it implies that the inserted defect’s
recombination cross-section o is ~ 10% of the nanowire’s
10* nm? physical cross section, i.e. ¢ ~ 10~ em?. This
cross section, while large, is within the range of those
seen previously [45]. Electron irradiation specifically has
been seen to introduce recombination centers with cross
sections of this magnitude [46, 47].

As with all of the other STEM-beam induced radiation
damage here, this insertion leaves no signature in the
conventional ADF imaging. The CCE reduction from
this individual defect insertion event is again non-local
(as in Fig. 7d), since the difference between the first and
third strip images (Fig. 7g3) is uniform.

In summary, STEM EBIC imaging with an electron-
beam acceleration potential of 80 or 200 kV maps the
CCE of a GaAs nanowire diode without damaging the
device. The minority-carrier diffusion length is found to
decrease significantly near the thin edges of the nanowire,
and is thus limited by surface recombination. Imaging
with the acceleration potential increased to 300 kV intro-
duces defects in the nanowire that decrease the diode’s
CCE. These VI defects can be annealed away to restore
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FIG. 7. Defect insertion and pinpoint localization with STEM EBIC at 300 kV. We record the initial state of an
Au-GaAs nanowire heterojunction with low-dose (3.0 x 10* e~ /nm?) ADF STEM (a) and STEM EBIC (b) images acquired
simultaneously. We then image the region outlined by the dashed box (a) three times (el,e2,e3) with a high dose (1.8 x 10°
e~ /nm? per image). After the three strip images we acquire a second low-dose EBIC image (c). A difference image (d) shows
that the EBIC decreases across the entire nanowire, even though the dose was confined to a narrow region on the left side of the
nanowire. Dark-field strip images (el,e2,e3) show no change during irradiation, while the simultaneously-acquired EBIC strip
images (f1,£2,£3) show significantly smaller signals. EBIC difference images (g1, g2) reveal a sudden drop in the EBIC magnitude
within one 0.63 nm pixel, indicating that a defect was inserted during the second strip image at the location indicated by the
yellow cross (e2). Zoom regions (dashed boxes on gl, g2) of 11 pixels x16 pixels (7 nm x10 nm) demonstrate that both the
row and the column of the insertion event can be located precisely. A difference image between the first and third strip image
(g3) indicates that, as in (d), the electronic impact of the defect is delocalized. The black-white color scale applies to panels
(b,c,f), and the blue-yellow color scale applies to panels d and g.

the original CCE of the diode. Despite being invisible 2
in conventional STEM imaging channels, a VI defect in- 2
serted at 300 kV can be precisely located by identifying 2
an abrupt drop in CCE as the electron beam rasters. 2
As these results show, a modern, variable-energy STEM 2
equipped for EBIC imaging is an experimentally potent 2
combination for producing, locating, and characterizing »
defects in semiconductor devices with high spatial reso- s
lution. 3

Methods: GaAs nanowires are grown by selective-
area epitaxy in a vertical metalorganic chemical vapor 3
deposition (MOCVD) reactor (Emcore D-75) at 60 Torr, ¢
using hydrogen as a carrier gas. Triethylgallium (TEGa),
tertiarybutylarsine (TBAs), and diethylzinc (DEZn) are 3
used as precursors for gallium, arsenic, and zinc p-type
dopant, respectively. See supplementary information 3
for complete growth parameters. The GaAs nanowires’ 3
measured resistivity is < 5 Q-cm (see Fig. S5 and re- «
lated text), which in bulk GaAs corresponds to a dopant 4
concentration[48] of 2 5 x 1015 cm™3. a2

Nanowires are mechanically transferred using a sharp *
tungsten probe to 15 nm-thick silicon nitride windows re- *

inforced with a 0.8 pm-thick backing layer of silicon oxide
(Fig. S2). Nanowires are located with a scanning electron
microscope (SEM), and individual electron-beam lithog-
raphy patterns are written to each silicon nitride window
using polymethylmethacrylate (PMMA) resist. The sam-
ples are dipped in 1:10 hydrofluoric acid:water solution
for 60 seconds to remove native GaAs oxides. Immedi-
ately afterward, samples are placed in an electron-beam
evaporation chamber and 250 nm of gold is deposited. In-
truded gold contacts are formed by heating the samples
in a rapid thermal annealer (RTA) at 340°C for 30 sec-
onds in a nitrogen atmosphere. To make the sample
electron-transparent, the silicon oxide support film is re-
moved with a hydrofluoric acid vapor etch. The sample
is loaded into a Hummingbird Scientific biasing holder
with electrical feedthroughs. STEM images are acquired
at 80, 200, and 300 kV accelerating voltage within an FEI
Titan STEM. EBIC signal is measured using a FEMTO
DLPCA-200 transimpedance amplifier, set to 10° Q gain
with 40 kHz bandwidth. The amplified current signal is
fed into an analog input in the STEM, and is synced to
the STEM probe position to form an EBIC image.
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