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Abstract

Here, we use electron beam induced current in a scanning transmission electron microscope to
characterize the structure and electronic properties of Al/SiGe and Al/Si-rich/SiGe axial nanowire
heterostructures fabricated by thermal propagation of Al in a SiGe nanowire. The two
heterostructures behave as Schottky contacts with different barrier heights. From the sign of the

beam induced current collected at the contacts, the intrinsic semiconductor doping is determined



to be n-type. Furthermore, we find that the silicon-rich double interface presents a lower barrier
height than the atomically sharp SiGe/Al interface. With an applied bias, the Si-rich region delays
the propagation of the depletion region and presents a reduced free carrier diffusion length with
respect to the SiGe nanowire. This behaviour could be explained by a higher residual doping in
the Si-rich area. These results demonstrate that STEM EBIC is a powerful method for mapping

and quantifying electric fields in micrometer- and nanometer-scale devices.
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1. Introduction

Nanowires (NWs) are well positioned to play an important role in solar energy harvesting due to
their high relative surface area and tolerance for strained structures such as multiple quantum
wells.! To fully exploit this advantage, minimization of the contact resistance with high quality
contacts is required. Recently it has been demonstrated that, upon heating, a metal can propagate
along a silicon or germanium N'W creating a metal/semiconductor/metal NW axial heterostructure
with controlled dimensions.® Depending on the natures of the metal and semiconductor, the metal
propagates as a pure element or as a metal silicide/germanide. It has been shown in the Al/Ge
system that a thermally induced exchange reaction occurs’, forming an atomically abrupt contact
between a monocrystalline Al NW section that propagated in the original NW volume, and the
original Ge NW.” Such an abrupt and clean contact contained within the NW has many uses, such
as a gate electrode that is not screened by the contacts. Studies have been extended to Si,Ge,
NWs, where thermal propagation of aluminium results in Al/SiGe/Al heterostructures with

atomically sharp interfaces.!°



Atomic resolution structural characterization of NW heterostructures is now routine by
transmission electron microscopy!'!'? and advances in lithographic contacting methods allow
individual nanowires to be electrically characterized!®. Electron beam induced current (EBIC)
combines electron microscopy and in situ electrical biasing, enabling direct correlation of the
positions and strengths of electric fields with micro- or nano-scale structural features.'*!> This is
usually achieved in a scanning electron microscope (SEM) with beam energies in the range of 2 —
20 kV.!*1 However, even in low dimensional materials such as nanowires, the generation of
charge carriers in SEM is not uniform with depth and spreads laterally, degrading the spatial
resolution of the technique. Careful modelling of the generation volume is required to deconvolve
its shape and density distribution from the EBIC map?-22, especially in complex geometries such
as nanowires, where the size of the generation volume is comparable to the specimen dimensions?-
27, Scanning transmission electron microscopy (STEM) EBIC?-33 uses a high energy beam in the
range of 80 - 300 kV to form a localized generation volume which is uniform through the thickness
of the nanowire, greatly simplifying the interpretation of the EBIC maps. This is only possible as
the high energy incident electrons are not absorbed by the specimen, unlike low energy electrons
in SEM. This also allows complementary STEM techniques such as high angle annular dark field

(HAADF) and bright field (BF) imaging to be implemented in tandem.

We demonstrate the first STEM EBIC analysis of a nanowire and quantify the properties of the
electric fields at the metal — semiconductor interfaces, and use it to explain the macroscopic
properties as measured in the current-voltage response.’* The method is applied to an Al/SiGe/Al
axial NW heterostructure obtained by thermal propagation of Al into a SiGe NW. Such contacts
are very well suited for (STEM) EBIC studies due to their shape. In typical contact geometries the

metal is present on top of the NW, and therefore any effect of the contact first penetrates into the



NW volume, before it can extends axially. In the present contact geometry, any effect of the contact

can be observed directly in the adjacent SiGe NW section.

2. Experimental

Our experiments focus on non-intentionally doped SiyGeos; NWs grown by chemical vapor
deposition on a Si(111) substrate, using silane and germane as precursors and gold as catalyst. The
NWs were grown along the [111] direction. For observation, the nanowires were dispersed in
ethanol, deposited on a home-made electron-transparent silicon nitride membrane, as reported
elsewhere!?333¢, The nanowires were then coated in a 20-nm-thick ALLO; passivation shell using
atomic layer deposition at 250°C. Prior to the deposition of the contacts, the NWs were immersed
in a buffered HF solution for 50s to remove the Al,O; shell in the contact regions, rinsed by
deionized water and then dipped in diluted HI for 5 s to etch the native GeO, shell. The samples
were then cleaned by soft Ar plasma and coated by a 200-nm-thick Al layer using electron beam
evaporation. Propagation of Al into the wires was activated using rapid thermal annealing (RTA)
in a temperature range of 400 to 450°C in N, atmosphere. The RTA experiments were performed
in a Jipelec™ JetFirst RTP Furnace. The heating initiates a solid-state reaction where Al diffuses
into the nanowire, progressively replacing the original SiGe NW and forming a sharp interface
with the remaining SiGe section (see figure 1).5% In the Al/SiGe NW system, a reversible reaction
occurs: upon slow cooling, a Si-rich segment can be created that extends out from the Al/SiGe
interface towards the Al contact pad. This partially reversible reaction is described in detail in
references!®*¢. Extensive structural and chemical analyses of these NW structures has also been
presented in these references, and complementary information is given in Supplementary Material

Section 1.



STEM EBIC, or STEBIC, was performed in a FEI Titan Ultimate aberration-corrected (S)TEM
microscope operated at 80 kV with a convergence angle of 31 mrad using a point electronic GmbH
EBIC system. A system of two amplifiers was connected in series with the nanowire: the first
amplifies the signal as it leaves the specimen holder, and the second controls the dynamic range
of current collection. 80 kV beam electrons were used to avoid knock-on damage in the SiGe
lattice. HAADF and BF images can also be acquired simultaneously with the EBIC data. All
images were acquired with a 1 nA beam current, as measured on the TEM phosphor screen, unless
otherwise stated. High resolution HAADF STEM images were acquired on a probe corrected Titan
Themis operated at 200 kV. A DENSsolutions double tilt six contacts heating/biasing TEM sample

holder was used to hold and contact the specimen.

Simulations of high energy electron collisions were calculated using the CASINO Monte Carlo
code.”” The trajectories of 1000 electrons in a 1 nm diameter probe were simulated with an
absorption threshold of 50 eV for a SiGe nanowire 150 nm in diameter on a 200 nm-thick SiN

membrane.

3. Results and discussion

Figure 1(a) shows a HAADF STEM image of a SiGe nanowire supported on a silicon nitride
membrane and contacted with two aluminium pads. The higher magnification inset confirms that
aluminium diffused through the nanowire during heating®#!° so that only the centre of the nanowire
remains SiGe. The sample was cooled rapidly over 4 minutes after RTA, leading to only a thin Si-
rich interlayer, approximately 40 nm wide, at one of the Al/SiGe contacts (left side in figure 1a).

No Si-rich region was created at the other SiGe/Al contact (right side in figure 1a), likely due to



small differences at the NW surface, allowing us to compare in a single specimen the electrical

properties of Al/Si-rich/SiGe and SiGe/Al contacts.

Nominally-identical NWs (i.e. NWs with thermally-propagated Al contacts following the same
process) were suspended on a 40 nm-thick SiN, membrane so that high-resolution HAADF STEM
imaging was possible (figure 1b and c). These atomic-resolution images with Z-contrast show that
the Al/Si-rich/SiGe “double interface” is atomically sharp,’ yet it incorporates an approximately 10
nm-thick silicon-rich region between Al and SiGe.** We arbitrarily chose to apply bias to the
electrode connected to the double interface and connect the sharp Al/SiGe contact to ground, as

illustrated in figure 1a.

Figure 2a shows the current-voltage characteristic of the nanowire under study, measured in the
+4 V range using the point electronic EBIC system. The non-linear behaviour points to the two
metal-semiconductor interfaces acting as opposing Schottky contacts. The equivalent circuit of the
system has been made using a general opposing diode model** fitted to the observed current-
voltage characteristic, and is shown in figure 2b. The total current across the nanowire, J, was

modelled using:
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and
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where V is the applied bias, @ is the barrier height of the respective junction, n is the ideality factor
of the barrier, ¢ is the charge of an electron, kzis the Boltzmann constant, 7 is temperature, and A

is the Richardson constant.

At a certain bias, the shape of the current-voltage curve of opposing diodes is dominated by
whichever diode is conducting. Knowing this, the barrier heights and ideality factors were found
to be 0.68 eV and 1.047, respectively, for the Schottky contact that conducts under negative applied
bias, and 0.66 eV and 1.076, respectively, for the Schottky contact that conducts under positive
applied bias. Typically, Al contacts result in Schottky barrier heights of ~ 0.8 eV on p-Si*¥, = 0.7
eV on p-Ge ¥, up to 0.86 eV on n-Si*® and = 0.7 eV on n-Ge*'. Therefore the obtained barrier
height values are within the expected range for Al on SiGe. The leak resistance was 3 G and the
series resistance was determined to be 200 k€2 from linear fits of the experimental data around the

0 V and 3-4 V ranges, respectively.

To further explore the behaviour of these metal-semiconductor contacts, we have performed a
STEM EBIC study using a focused electron beam with an acceleration voltage of 80 kV. If the
electron-hole pairs generated by the incident electron beam diffuse to an area with an electric field,
positive and negative charge carriers are separated, and so contribute to the collected current. In
this way we can characterize each depletion region and its associated diffusion length, providing

that the diffusion lengths are shorter than the distance between contacts. Figure 3a shows 80 kV



electron trajectories in a SiGe nanowire 150 nm in diameter supported on a 200 nm-thick SiN,
substrate. There is little spreading of the trajectories within the nanowire, only in the SiNj
substrate. The wires were found to damage quickly when using a beam energy of 200 kV from
knock on effects. There are alternative techniques, such as electron holography, that could be used
to measure the potentials in the NWs with high sensitivity. However, SiN, membranes charge
under beam irradiation which leads to uninterpretable results. DPC and pixelated (4D) STEM
measure the field directly, but suffer from dynamical charging as the beam is scanned across the
region of interest. Additionally, the use of a convergent beam for pixelated STEM leads to results
that are much more difficult to interpret than holography, which uses a plane electron wave. As
STEM EBIC only collects charge carriers generated in a highly localized volume which is
homogenous through the thickness of the nanowire, accurate quantification of electric fields is
possible directly from images without requiring the generation volume shape to be simulated.*?
This would not be the case for low energy electrons in a SEM, where the generation volume usually

spreads much more laterally and changes through the specimen thickness.

Figure 3b shows a zero-bias STEM EBIC image of the nanowire visualized by HAADF STEM in
figure 3c, where the signal originating in the proximity of the two opposing Schottky contacts is
clearly resolved. Here we use the conventionally defined direction of positive current, which is
indicated in the inset. The sign of the EBIC current provides experimental evidence that the metal
contacts induce an upwards band bending in the semiconductor, as expected in the case of a
Schottky contact on n-type material. Therefore, the direction of the measured current is consistent
with the band profile in figure 3d. The band diagram was calculated assuming that the nanowire
residual doping is n type and the crystal structure is relaxed, so that the Si/SiGe system is a type 2

heterostructure. As a result, the contact following the Si-rich area should present a slightly lower



barrier than the atomically-sharp SiGe/Al interface. Returning to the Schottky barrier heights
extracted from the current-voltage characteristics in the dark (figure 1), and observing that the
shape of the current-voltage curve is dominated by whichever diode is conducting, we conclude
that @=0.66 eV and n = 1.076 describe the Al/Si-rich/SiGe Schottky contact and @= 0.68 eV
and n=1.047 describe the atomically-sharp SiGe/Al Schottky contact. This confirms the

expectation of a slightly lower barrier height for the double-interface contact.

Figure 4 presents the effect of bias on the electron beam induced current. The EBIC response at
zero bias, also displayed in figure 3b, is relatively small when compared with the response under
bias. Negative bias leads to an enhancement of the current generated in the vicinity of the Al/Si-
rich/SiGe interface, whereas positive bias results in enhanced current in the vicinity of the SiGe/Al
contact. Each time, the maximum current should be generated in the contact that is reverse biased,

which is consistent with the band diagram depicted in figure 3d.

Figure 4b shows the maximum collected current as a function of the beam current, for different
bias. Interestingly, the trends show a linear increase of the EBIC current for increasing incident
beam current, with the only exception of -4 V bias, which shows signs of saturation. The linearity
confirms that we are in a situation of low injection,* and other carrier recombination pathways,
such as surface traps, have a negligible effect on the EBIC current. The absence of surface effects,
which generally lead to a sublinear increase of the collected current as a function of the excitation,

demonstrates the efficiency of the surface passivation of the NW obtained by Al,O; encapsulation.

Figure 5a plots the maximum collected current at both interfaces (absolute value) as a function of
bias, for an incident beam current of 7 nA. Figure 5b plots the variation of the depletion zone

extension as a function of bias for both contacts extracted from the shape of the peak in the EBIC



intensity profiles as described in Supplementary Material Section 2. Under low positive bias, the
depletion zone width for the SiGe single interface (reverse biased contact) is 80-98 nm and then
gradually extends for increasing positive bias. However, under a low positive bias the depletion
zone at the Si-rich interface (reverse biased contact) is only 40-50 nm. This is the approximate
width of the Si-rich region (40 nm), implying that the space-charge region is confined here for a
reverse bias below 2 V. Above this threshold the depletion zone is able to extend much further into
the SiGe material, reaching widths only slightly smaller than those of the SiGe single interface.
This evolution could be explained by the Si-rich region being slightly more doped than the SiGe
NW, or by the presence of charge states at the Si/SiGe heterointerface. However, the latter
explanation seems less probable since microscopy images with atomic resolution show that the

S1/SiGe interface does not contain structural defects.

Measurements of the effective diffusion length of minority carriers are plotted in figure Sc,
extracted from the EBIC intensity profiles by least-squares fitting an exponential equation to the
diffusion region near the depletion zone (see Supporting Material 2).!> For low positive bias, the
measured diffusion length of carriers in the vicinity of the Si-rich interface is only 70-130 nm,
whilst it remains around 200-240 nm for bias higher than 2 V, i.e. when the depletion region
penetrates the SiGe. Consistently, diffusion lengths around 250 nm are measured at the SiGe
interface for all applied bias.

10



4. Conclusion

We have demonstrated quantitative EBIC of a SiGe nanowire in a STEM instrument, taking
advantage of the highly localized generation of charge carriers when using an 80 kV transmission
electron beam. High resolution EBIC maps were obtained, despite the presence of a thick
insulating SiN, membrane which prevents other field mapping techniques such as electron
holography and differential phase contrast from being successfully used.** The SiGe nanowire
contains two semiconductor-metal interfaces which act as opposing Schottky contacts, as
confirmed by current-voltage measurements. Using high-resolution HAADF STEM imaging, the
two contacts were found to be dissimilar: one a single atomically-sharp interface of Al/SiGe, the
other a double interface of Al/Si-rich/SiGe. From EBIC measurements, the intrinsic doping of the
SiGe semiconductor was determined to be n-type. The contacts react linearly under varying
electron beam current in the current range under study, confirming that our measurements are
performed in low injection conditions and surface effects are not relevant. Analysis of the STEM
EBIC intensity profiles revealed that the behaviour of the two contacts under reverse bias is very
different. The Si-rich region at the double interface delays the propagation of the depletion region
with bias and reduces the measured diffusion length of charge carriers. This trend could be
explained by the Si-rich region being slightly more doped than the SiGe NW. These results
demonstrate that STEM EBIC is a robust and powerful method for mapping electric fields in low-
dimensional materials and quantifying electronic properties with nanoscale resolution. Field
mapping by STEM EBIC has now been demonstrated in both NWs and focused ion beam-prepared

specimens* and should prove to be of great use to the semiconductor community.
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Figure 1. HAADF STEM images showing the structure of the SiGe nanowire / Al interfaces. (a)
SiGe nanowire prepared for EBIC on a SiN, substrate. A double interface with a silicon-rich region
is observed at the leftmost contact connected to the amplifier. A sharp Al/SiGe interface is
observed at the rightmost contact, connected to earth. (b) and (c) High resolution images of a
different nanowire suspended on 40 nm SiN,. The double interface is crystalline with a silicon rich
region separating the SiGe and Al regions of the nanowire.
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Figure 2. Electrical response of the SiGe nanowire. (a) Current-voltage plot of the nanowire biased
from -4 to +4 V (blue), with the opposing Schottky diodes model (orange) plotted for comparison.
(b) The values and components used for the opposing diode model.

18



a)

Monte Carlo
Simulation

E
=v

1 /L 1 1
7/

Length (arb. units)

19



Figure 3. 80 kV STEM analysis of a SiGe nanowire. (a) Monte Carlo simulation showing the
trajectories (blue) of 80 kV electrons in a SiGe nanowire (purple) on a SiN substrate (green). (b)
STEM EBIC image of the nanowire at zero bias using 1 nA beam current. The two opposing
Schottky contacts drive current in opposite directions. Inset: Circuit diagram indicating the current
convention. (c) HAADF STEM image of the nanowire acquired simultaneously with EBIC. (d)
Band diagram of the NW highlighting the curvature of the bands at the contacts. Electrons (holes)
are repelled from (attracted to) the interface in both cases.
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Figure 4. Quantitative STEM EBIC characterization of the SiGe nanowire. (a) STEM EBIC
intensity profiles along the nanowire with electron beam current and applied bias. Higher beam
currents generate more charge carriers, giving a better signal to noise ratio. (b) Plot of the
maximum EBIC values with beam current for different applied bias.
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Figure 5. The effect of the double interface on nanowire electrical properties. Each plot shows (a)
Maximum EBIC current; (b) estimated depletion zone width; (c) effective diffusion length, with
applied bias for the SiGe (blue) and Si-rich (orange) interfaces. The behaviour for both interfaces
is very similar above 2 V reverse bias, however below 2 V it is quite different. At low reverse bias
the depletion zone is confined within the Si-rich region, however if it is extended into the SiGe
region the charge carriers behave as if the interfaces were identical.
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Thermally propagated Al contacts on SiGe nanowires characterized by electron
beam induced current in a scanning transmission electron microscope
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Section 1: Structural and chemical characterisation

In Fig. S1 the nanowire (NW) is analysed by high-resolution high-angle annular dark field
scanning transmission microscopy (HR-HAADF-STEM) combined with the geometrical phase
analysis (GPA) technique. GPA has the advantage over selected area electron diffraction (SAED)
that averaging is performed numerically and differences in lattice spacing can be resolved at
nanometer length scales.

In Fig. Sla, a HR-STEM image was taken by orienting the propagated NW perpendicular to the
electron beam direction in the TEM microscope (Figure Sla). The corresponding Fourier fast
transform (FFT) image shown in the inset of Fig. S1b clearly demonstrates the growth direction
of the contacted NW, which is along the [111] planes of SiGe. The thermal propagation of Al into
the contacted SiGe NW results in the formation of a double interface region with an intermediate
contrast, as can be seen in the HAADF image (Fig. S1b), sandwiched between the unreacted SiGe
and propagated Al region. The created structure shows an epitaxial alignment of Al(111)//Si-
rich(111) and Si-rich(111)//Siy6;Geos3(111) planes. From GPA analysis, shown in figure 1c-e, the
left side in figure le shows an average lattice spacing of about 0.321 nm, which demonstrates a
chemical combination of Si(111) planes (d=0.313nm) and Ge(111) planes (d=0.327nm). The
double interface region in the middle shows an average spacing of 0.315nm, which is close to the
spacing of a pure Si compound.
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Figure S1: a) HAADF STEM image of the Al contacted Sijs;Geo3; NW lying on the 200 nm thick
Si;N, membrane. The contacted NW was annealed by rapid thermal annealing (RTA) at 450°C for
20 s in N, ambience. b) A low field of view HAADF STEM image at the propagated interface
showing the formation of a double interface region between the reacted and unreacted parts of the
propagated NW. c-e) The extracted amplitude, lattice spacing map and lattice spacing profile using
geometrical phase analysis (GPA) on the HR STEM image, showing the lattice spacing profile
obtained from a line-scan on the yellow rectangular box in figure 1d.

In addition, a detailed analysis of the NW stoichiometry of the same set of as-grown NWs has been
reported in the ref 10 (Luong et al. ACS Appl. Nano Mater. 2020, 3, 10, 10427-10436) and ref 36.
In particular, a 3D reconstruction method of the NW cross-section in combination with the zeta
factor method has been employed to retrieve the cross-sectional chemical distribution of the
propagated NW, which gave us a chemical stoichiometry of Siy¢/Ge, 33 for the as-grown NWs. A
detailed description for the basic steps of the 3D reconstructions can be found in the supporting
information of reference 10:
https://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02303/suppl_file/an0c02303_si_001.pdf
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Section 2: Determining the effective minority carrier diffusion length from
electron beam induced current intensity profiles

Figure S2 summarizes the procedure for extracting the effective minority carrier diffusion length
from an electron beam induced current (EBIC) intensity profile. It is known that the variations in
EBIC current /3¢ near the edge of the depletion region can be described by:

IEBIC == kxae(_%) (Sl)

where x is the distance from the edge of the depletion zone, L is the diffusion length of minority
carriers, and k and «a are fitting constants [1,2]. Neglecting concavity (a = 0), a linear form of the
equation is found:

log(Igpic) = —x7 +log(k) (2)

Figure S2(a) shows the EBIC current recorded at the Si-rich contact at zero bias, and figure
S2(b) shows the same data in semi-logarithmic scale. By fitting equation S2 by least squares to the
shoulder of the EBIC intensity profile (figure S2c¢), the diffusion length can be determined.

We observed that log(Ig;c) significantly diverges from linearity when the EBIC intensity is
above 80% of the peak maximum. This is to be expected as, for the highest EBIC intensities, we
enter the depletion region where the collection of charge carriers is dominated by a drift current in
the presence of an electrostatic field, and not by diffusion of minority charge carriers into the
depletion region. Therefore, the length of the depletion zone was estimated from the width of the
peak at 80% of the peak height for each applied reverse bias, as shown in figure S2d. The results
if this analysis are presented in figures 5b and c of the main text.
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Figure S2. Procedure for extracting the effective minority carrier diffusion length and depletion region width from
EBIC intensity profiles. (a) EBIC intensity profile for the Si-rich contact under zero bias and (b), replotted with a log
scaled y-axis. The linear section of the trend within the red box is shown normalized in (c). By finding the gradient of
this trend the effective diffusion length of minority carriers can be determined. (d) A plot showing the change in peak
shape of the EBIC intensity profiles with applied reverse bias. The length of the depletion region is estimated by
extracting the width of the peak at 80% of the maximum EBIC intensity. The fit of the diffusion length fails to describe
the EBIC profile above this value, showing that the charge carriers obey a drift current in an electrostatic field.
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