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Abstract

Germanium nanowires (NWs) have attractive properties for a variety of applications, including
micro- and optoelectronics, memory devices, solar energy conversion, and energy storage,
among others. For applications that involve exposure to air, the poor chemical stability and
electronic surface passivation of native oxides have remained a long-standing concern.
Termination by sulfur-rich surface layers has emerged as a promising strategy for passivation of
planar Ge surfaces. Here we discuss experiments on solid-state sulfurization of Ge nanowires in
sulfur vapor at near-ambient pressures and at different temperatures. Combined transmission
electron microscopy imaging and chemical mapping establishes that Ge NWs remain intact
during vapor-phase reaction with S at elevated temperatures, and show the formation of sulfur-
rich shells with T-dependent morphology and thickness on the Ge NW surface.
Photoluminescence of ensembles of such core-shell nanowires is dominated by strong emission
at ~1.85 eV, consistent with luminescence of GeS. Cathodoluminescence spectroscopy on
individual NWs establishes that this luminescence originates in thin GeS shells formed by
sulfurization of the NWs. Our work establishes direct sulfurization as a viable approach for

forming stable, wide-bandgap surface terminations on Ge NWs.
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INTRODUCTION

Ge nanowires (NWs) have attracted a lot of interest for a wide range of possible
applications such as electronic and optoelectronic devices,'” photonic components,’
biochemical'® and biological field effect transistor sensing,'' bendable semiconductor fabrics for
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nanomechanics,'” artificial photosynthesis,'? solar energy conversion and solar cells, single

nanowire photoelectrochemistry,'® memory cells for resistive switching memory devices,'” high-
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capacity electrodes for high-energy-density lithium batteries with enhanced mechanical

2% or nanostructured thermoelectrics for nanophononics.” For Ge, which forms

properties,
unstable oxides that contribute to poor electronic properties and a chemically active surface,
proper surface passivation is critical. Different approaches have been explored both for removing
Ge NW surface oxides and for protecting the surface against oxidation in air. Wet chemical
surface cleaning® and vacuum annealing”’ were performed for device integration and
elimination of hysteresis in Ge NW FETs. Resistance to oxidation of Ge NWs was achieved by
chloride and hydride®® surface termination following HF and HCI treatments, respectively, by

forming thick layers of glassy Ge sulfide via exposure to aqueous ammonium sulfide solutions,”

or by encapsulation in boron carbo-nitride films.*’

The surface passivation is expected to not only provide a barrier against oxidation but to

3132 tune their band gap,” or provide

modulate the NWs electronic and optoelectronic properties,
functionalization.”' Encapsulation of Ge NWs in graphitic carbon shells,® ** ** for example, has
demonstrated excellent passivation against environmental exposure while at the same time
imparting good conductivity required for Li storage applications. Treatment of Ge(100) surfaces

as well as Ge nanowires by aqueous (NH4),S yielded different reported results, ranging from

(1x1)-S surface adsorption®® to the formation of thicker glassy GeSy layers,””*’ but the resulting



surface passivation proved invariably effective in resisting oxidation in air.** 7

We recently
demonstrated that the direct sulfurization of extended planar Ge surfaces during exposure to
sulfur vapor at elevated temperatures results in the formation of Ge sulfide layers that provide
effective surface passivation.” In the case of Ge NWs, a similar sulfurization might protect the
surface against oxidation by formation of a near-surface shell of germanium sulfide (GeS), a

layered chalcogenide semiconductor with a direct bandgap in the visible range (i.e., larger than

that of Ge) and promising optoelectronic and electronic properties.*’

Here, we report a study of the direct sulfurization of Ge NWs at elevated temperatures
and near-ambient pressure. The analysis by scanning/transmission electron microscopy (S/TEM),
energy dispersive X-ray spectroscopy (EDS) and STEM cathodoluminescence (STEM-CL) on
individual NWs demonstrates that the sulfurization process leads to the controlled formation of

Ge-GeS core-shell nanowire heterostructures.

RESULTS AND DISCUSSION

The morphology and chemical composition of the Ge NWs prior to sulfurization are
shown in Figure 1. The as-grown Ge NWs, prepared by vapor-liquid-solid (VLS) growth on Ge
(100) substrates with Au catalysts (see Methods for details), can be seen in the scanning electron
microscopy image in Figure 1 (a). The high-angle annular dark field (HAADF) STEM image of
a representative Ge NW (Figure 1 (c)) shows that the NWs are straight with smooth surfaces.
The Au-rich catalyst nanoparticle instrumental for the VLS growth of the NWs is clearly
distinguishable by its brighter contrast at the NW tip. Electron diffraction (Figure 1 (b))
demonstrates that the NWs are single crystalline with the NW axis along the [111] direction.
Energy dispersive x-ray spectroscopy (EDS) chemical maps Figure 1 (d-f) reflect the distribution

of Ge (green) and Au (red), and the overlaid maps show that the NW consists of Ge with a Au-



rich tip at the end. EDS spectra demonstrate that no Au is detectable away from the Au-rich tip

(Black spectrum: Ge NW. Orange spectrum: Catalyst nanoparticle at the tip, Figure 1 (g)).
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Figure 1. Morphology and composition of the starting Ge nanowires. (a) SEM overview image of the
ensemble of Ge nanowires grown by a VLS process in Ge,Hg over Au catalyst particles on Ge (100)
substrates. (b) Electron diffraction pattern of the Ge NW in (b) along the [101] zone axis. (¢) High-angle
annular dark-field (HAADF) STEM image of a representative Ge NW near the Au-rich tip after transfer
onto amorphous carbon film. (d) — (e) EDS chemical maps of the Ge NW showing the distribution of Ge
(green) and Au (red). (f) Overlaid Ge and Au maps. (g) EDS spectra obtained along the NW (black) and
at the Au-rich NW tip (orange), respectively.

The Ge NWs were transferred to a tube furnace with two temperature zones equipped
with a sulfur evaporator and were exposed to sulfur vapor in an Ar/H, carrier gas mixture at
different temperatures (see Methods). Immediately prior to the loading into the furnace and
exposure to sulfur, the NWs were rinsed in de-ionized water to remove any trace of GeO, that
might have resulted from the air exposure during storage or transfer.’* *

The TEM and STEM images in Figure 2 show the morphology of representative Ge NWs

after exposure to sulfur for 5 minutes at different sulfurization temperatures (as indicated in Fig.

2). Figure 2 (a) shows overview TEM and STEM images of a Ge NW exposed to sulfur vapor at



280°C. These low-magnification images demonstrate that the NWs remain intact after the S
exposure. The NWs overall remained similarly intact during sulfurization at temperatures

between 250°C and 340°C. At temperatures above 350°C, individual NWs were no longer found

Ge core

Figure 2. Ge NWs after exposure to sulfur at elevated temperatures between 250-340°C. (a) STEM
and TEM images of a representative Ge NW after S exposure at 280°C. (b) — (e) Higher magnification
STEM ((b), (f), (g)) or TEM ((c), (d), (e)) images showing segments of NWs and details of their surface
morphology after exposure to sulfur at different temperatures. Sulfur-rich shells form at all reaction
temperatures. At T = 280°C and 310°C, these shells become uniform over the NW surface. The insets in
(c) and (e) show the morphology of the shells (scale bar in (c): 5 nm).

on the substrate. At such high temperatures, the Ge NWs appear to have melted or coalesced into
a polycrystalline film in the presence of sulfur. Higher-magnification images (Figure 2(b) - (g))
demonstrate that the surface morphology of the NWs changes upon exposure to sulfur compared
to the initial Ge NW surface, and that the final morphology is temperature dependent. While the
surface of the initial Ge NWs is smooth, exposure to sulfur at 250°C leaves the Ge surface
patchy and covered with small (~2-3 nm) flakes, as seen in the STEM image in Figure 2 (b),

similar to GeS flakes forming on planar Ge surfaces upon their exposure to sulfur at comparable

temperatures.”” Upon further increase of the reaction temperature to 280°C we observe the



development of a continuous shell (Figure 2 (c)). The shell is very thin (~ 1-2 nm) and covers the
entire NW surface. This shell is structurally similar to the graphitic shells on the surface of Ge
NWs generated in the presence of carbon at elevated temperatures,™* i.e., it consists of individual
small layered crystal segments that partially overlap to form an ultrathin closed shell (inset in
Figure 2 (c)). A further increase of sulfurization temperature to 310°C results in thickening of the
shell, which now appears uniform with a thickness of ~ 4 nm (Figure 2 (d), (e)). At sulfurization
temperatures above 310°C, the surface of the Ge NWs changes drastically. The representative Ge
NWs shown in Figures 2 (f) - (g) do not appear homogeneous any more. The STEM image of a
thin wire (Figure 2 (f)) clearly shows areas with darker Z-contrast indicating a locally reduced
thickness due to pits formed through a loss of material. These pits are seen to cover the entire
surface of the NW and some of them project rectangular shapes. The pits and pores are much
larger and more pronounced in thinner Ge NWs (d ~ 45 nm, Figure 2(f)) than in thicker wires (d
~ 120 nm, Figure 2(g)). From these observations, we conclude that the exposure to sulfur
indirectly leads to etching of the surface of the NW in a process that entails reaction of near-
surface Ge with S vapor to GeS, followed by congruent desorption of GeS at elevated
temperatures above ~300°C. An analogous loss of material and formation of rectangular
(faceted) pits was observed during in-situ annealing of GeS NWs in vacuum, which was also
ascribed to a thermal decomposition involving GeS evaporation at elevated temperatures.*” The
morphologies of the NWs exposed to sulfur at 310°C but different sulfur vapor pressures of 0.4
mTorr and 0.72 Torr were very similar to the one in Figure 2(d) and (e). The only difference
observed was that the higher sulfur vapor pressure caused visible etching of the Ge NW surface

similar to the one observed at higher temperatures and lower sulfur vapor pressures.
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Figure 3. (a) HAADF-STEM image of a representative Ge nanowire after exposure to sulfur at 310°C. (b)
— (d) EDS chemical maps of the NW in (a), showing the distribution of Au ((b), red), Ge ((c), green), and S
((d), yellow) (e) Overlaid S, Ge and Au maps. (g) EDS spectrum measured on the NW.

We further analyze the composition of the NW heterostructures formed at 310°C and 340°C
using energy dispersive x-ray (EDS) spectroscopy. EDS maps of the NWs after exposure to
sulfur at 310°C (Figure 3) detect S in the shell while the core consists entirely of Ge. The Au
signal is localized at the tip and is below the detection limit along the remainder of the NW. EDS
spectra measured on the NW also show a small but well-defined sulfur signal. Due to the
particular geometry of the NW heterostructures — a thin cylindrical shell surrounding the Ge core
— EDS analysis always shows a large Ge signal since the Ge NW core always contributes to the
spectrum. However, the EDS analysis clearly confirms the presence of S on the surface of the
NW as part of the shell that forms during sulfurization. After sulfurization at 340°C the Ge NWs
appear non-uniform in contrast and porous in structure (see HAADF STEM image in Figure 4

(a)). The EDS maps and spectrum show that the NWs contain S and the near-surface S signal is



higher than after exposure at 310°C. The comparison of the Ge (green) and S (yellow) maps, and
of the respective overlaid map suggests that the S is incorporated in the surface shell surrounding

the NW.
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Figure 4 (a) HAADF STEM image of a representative Ge NW after exposure to sulfur at 340°C. (b) — (c)
EDS chemical maps of the NW showing the distribution of germanium ((b), green) and S ((c), yellow). (d)
Overlaid S and Ge maps showing a S-rich shell on the surface of the Ge NW. (e) EDS spectrum from the
NW.

From our structural and chemical analysis, we conclude that exposure of Ge NWs to S
vapor at elevated temperatures causes their transformation to core-shell NW structures due to
solid-state reaction of near-surface Ge to Ge sulfide. This is similar to the formation of Ge
sulfides on planar Ge surface.” Importantly in the case of sulfurization of Ge NWs the thickness
of the GeS shells exceeds the thickness of GeS layers forming on planar Ge surfaces. There are
several factors, which in combination can explain the faster sulfurization of nanowires. Firstly,
the (111) oriented NWs expose relatively open (100) and (110) side facets that can be expected
to be more reactive. Furthermore, the curved wire surfaces offer undercoordinated sites with
higher reactivity. In addition, we have previously shown that higher curvature leads to faster

oxidation of nanoparticles.*"” *

Due to similar mass transport mechanisms in oxidation and
sulfurization, i.e., field-assisted diffusion of ions, it is reasonable to expect similar effects of

curvature in the solid-state reaction of Ge NWs with sulfur.



To evaluate the optoelectronic properties of these core-shell NWs we performed
photoluminescence spectroscopy (PL). Figure 5 (a) shows the PL spectra of ensembles of core-
shell NWs on the original substrate after sulfurization at 270°C, 310°C and 340°C. The PL
spectra are dominated by a peak centered at ~1.85 eV (670 nm), consistent with the band gap of
GeS (1.65 — 1.8 eV)*”™* and close to the peak observed previously in unpolarized room
temperature absorption spectra on bulk GeS.*® Ge NW samples sulfurized at lower temperatures
show similar spectra but with lower intensity of the peak at 1.85 eV, consistent with the results
of our structural and chemical analysis that showed lower S signal and thinner shells at lower
temperatures. Thus PL suggests a composition of the S-rich shell close to GeS. In addition to the
strong peak at ~1.85 eV, Figure 5 (a) shows a weak emission at ~2.15 eV that may be attributed
to oxidized Ge either in the NWs themselves,” or in the underlying Ge(100) support. This is
corroborated by reference measurements on as-grown Ge NWs. The as-grown Ge NWs after
environmental exposure also show PL emission at 2.15 eV but it becomes undetectable after

removal of the water soluble native oxides by rinsing in de-ionized water (Figure 5 (a)).

Figure 5 (a) compares PL spectra from NWs sulfurized at 270°C for 5 minutes and 60
minutes, respectively. The TEM images of these NWs demonstrated the same shell thickness,
i.e., annealing in the presence of sulfur did not appear to affect the thickness of the shells.
However, the PL. measurements on the NWs sulfurized for longer times (Figure 5 (a), dark blue
curve) show higher intensity, indicating an improved crystallinity of the shell. PL measurements
of the Ge NWs sulfurized at different temperatures (270°C, 310°C and 340°C) over a period of
10 days did not show significant changes in the PL emission over time as seen in Figure 5 (b),

which shows the emission of an ensemble measured over 7 days after exposure to S at 270°C.
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Figure 5. (a) Photoluminescence spectra of ensembles of Ge NWs on Ge support after exposure to sulfur
at different temperatures and for different sulfurization times (as indicated), in comparison with spectra of
as-grown Ge NWs (oxidized, after air exposure; dark green) and of Ge NWs rinsed in de-ionized water to
remove water soluble GeO, from the surface (light green). (b) Photoluminescence spectra of the same
ensemble of Ge NWs on Ge support after exposure to air for different times.

Whereas PL invariably probes larger ensembles of NWs and the underlying substrate,
cathodoluminescence spectroscopy excited by the focused electron beam in STEM (STEM-CL)
provides the ability to address individual NWs and measure their optoelectronic properties. The
high spatial resolution of STEM-CL enabled the acquisition of both local luminescence spectra
and of spectrum images and line scans on single wires, albeit in our system only across the
visible spectrum (~350 — 950 nm, i.e., excluding luminescence from Ge). Figure 6 (a) shows a
HAADF-STEM image of a Ge NW after sulfurization at 310°C. The NWs were exposed to air
for ~1 week after sulfurization prior to the CL measurements. Panchromatic CL maps (Figure 6
(b)) shows strong luminescence with maximum emission intensity near the surface of the NWs,
which in projection is seen as two intense bands near the edges of the wire corresponding to the

sulfur-rich shell on the NW surface.



Figure 6. STEM cathodoluminescence (STEM-CL) measurements on individual Ge nanowires
exposed to sulfur at 310°C. (a) HAADF STEM image of a section a sulfurized Ge NW. (b) Panchromatic
STEM-CL map (350 — 950 nm) of the NW shown in (a), showing strong luminescence from the GeS shell
covering the NW surface.

Hyperspectral CL line scans across the NW (in which a full CL spectrum is acquired at
each pixel, Figure 7 (a)) can explain this intensity distribution. A main emission peak at ~670 nm
(1.85 eV) is detected at the surface of the NW, identical to the emission in PL and close to peaks
observed previously in CL spectra of individual GeS NWs.*’ In projection, the luminescence is
strongest near the two edges of the NWs where the thickness of the GeS shell traversed by the
exciting electron beam is largest. In measurements over the NW core, the same spectral
characteristic is found, but it shows reduced intensity due to a smaller projected GeS thickness
and possibly also scattering by the Ge core. These data are consistent with strong visible-light
luminescence from the GeS shells of the NWs formed by solid-state sulfurization. Significant CL
emission extends in a tail to shorter wavelengths in the near-surface region, but the single-NW
luminescence measurements do not detect the additional peak at ~2.15 eV shown by the PL
ensemble measurement (Figure 5). We thus conclude that the Ge oxide related emission found in
PL does not stem from the Ge-GeS core-shell NWs, but is possibly due to excitation of Ge oxide
patches on the supporting Ge wafer surface. The absence of oxygen signal in EDS spectra and of

oxide-related luminescence suggests that the GeS shell effectively protects the Ge NW cores



against oxidation in air,” and the wide-bandgap shell can also be expected to provide an efficient

electronic passivation of the Ge core.
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Figure 7. (a) STEM image of a section of a Ge NW sulfurized at 310°C. (b) Spectrum imaging line scan
across the NW, as marked in (a). The abscissa (Photon energy, hv) is the same as in (c). Differences in
the signals from the upper and lower NW edge are due to sample drift during the CL measurement. (c)
Local luminescence spectra from the center (blue symbols) and periphery (red symbols) of the NW at
positions indicated in (c)). Shaded areas indicate Gaussian fits to the main emission peaks with identical
center energy (hv = 1.83 eV) and full width at half maximum (FWHM = 0.48 eV) at both locations, but
lower intensity in the center than at the periphery due to smaller excited volume of the GeS shell. Light
colored lines are fits to a broad background signal.

To demonstrate the oxidation resistance provided by the GeS shells, we imaged
embedded Ge NWs before and after prolonged exposure to air. TEM images comparing the
wires and shells before and after 10 days exposure to air are shown in Figure 8. The Ge NWs
were sulfurized at 280°C and have thin GeS shells. No oxide layer is formed on the Ge surface,

and the layer structure and thickness of the GeS-shell remain completely unchanged.

Figure 8. TEM images of a Ge NW embedded in a GeS-shell. (a) before; (b) after 10 days in air.



CONCLUSIONS

Solid-state sulfurization of Ge nanowires was carried out at various temperatures between 250°C
and 370°C. Combined TEM imaging and chemical mapping establishes the formation of sulfur-
rich shells on the Ge NW surfaces as a result of the exposure to sulfur at high-temperature. The
S-rich shells formed at different temperatures have different morphologies and thicknesses. The
photoluminescence of the core-shell nanowire ensemble is dominated by strong emission at
~1.85 eV, consistent with luminescence of GeS. STEM CL measurements on individual core-
shell Ge-GeS NWs establishes that this luminescence originates from the thin GeS shells formed
by sulfurization of the NWs. The thin GeS shells provide surface passivation and oxidation
protection for the Ge NWs, and thus provide an avenue for resolving issues related to chemically
unstable Ge oxides. Several additional aspects promise positive impact on the electronic
transport properties. For example, smooth Ge-GeS interfaces should help eliminate carrier
scattering due to surface roughness. Surrounding the Ge core with a wider bandgap shell should
help suppress surface scattering. Furthermore, previous work (e.g., on MoS,/Ge tunneling
devices™) has shown that the interface between 3D semiconductors and 2D chalcogenides is
relatively free from defect or trap states; GeS shells around Ge NWs may provide similar ‘clean’
interfaces. Assessing such possible impacts of the GeS shell on the transport properties of Ge
NWs will require additional experiments beyond the scope of this study, and will be the subject
of future work. Beyond providing surface passivation for Ge NWs, the direct-bandgap GeS
shells show promising optoelectronic properties in their own right, such as efficient visible-light
luminescence (similar to GeS NWs),*" and may thus provide additional functionality for Ge NW

based devices.



MATERIALS AND METHODS

Ge NWs were synthesized by vapor-liquid-solid growth over Au catalyst particles on Ge(100)
substrates’' in a UHV reactor with base pressure of 2x10” Torr. Ge(100) wafers rinsed in de-
ionized water were coated with a thin layer of Au, and loaded into the growth system. Following
degasing of the samples at 400°C, the Au layer was dewetted into particles at 480°C and Ge
NWs were grown by exposure to digermane (Ge,Hg) gas (57 mTorr) in a two-step growth at
temperatures of 440°C and 390°C. The as-grown NWs were transferred through air to a tube
furnace with two temperature zones, where they were exposed to sulfur vapor at different
temperatures. Immediately prior to loading the Ge NWs were rinsed with de-ionized water to
remove any water-soluble Ge oxides resulting from air exposure. For the sulfurization
experiments, sulfur powder (99.9995%, Alfa Aesar) was loaded into a quartz boat and placed in
the center of the upstream zone. The tube furnace was pumped by a mechanical pump after
which a carrier gas mixture of argon and hydrogen (ratio 98:2) was introduced at a flow rate of
50 sccm and at a pressure of 20 mTorr. The Ge NW sulfurization was carried out at temperatures
between 250°C and 370°C to study the solid-state reaction between the Ge NW surface and the
sulfur vapor as a function of temperature. The sulfur reservoir was heated to a temperature of
120°C to establish a vapor pressure of ~0.2 Torr.> To compare the effect of sulfur vapor
pressure three different sulfur reservoir temperatures 80°C, 120°C and 170°C corresponding to
sulfur vapor pressures in the range between 4x10™* Torr and 0.72 Torr were used while the Ge
NWs were kept at 310°C. To ensure constant temperature during the reaction, the two zones
were ramped so they would reach the chosen settings for the solid-state reaction at the same

time. The S exposure time was typically 5 minutes, and upon completion the system cooled



naturally to room temperature. Longer exposures of up to 1 hour were carried out for

comparison.

The morphology and chemical composition of the NWs were investigated by TEM in FEI
Talos F200X and FEI Technai Osiris 80-200 ChemiSTEM field-emission microscopes. The
electron irradiation intensity was kept intentionally low (< 0.1 A/cm®) during our observations to
prevent any uncontrolled electron beam-induced structural changes. Cathodoluminescence (CL)
measurements were performed in STEM mode (STEM-CL) using a Gatan Vulcan CL holder at
room temperature and 200 kV electron energy. The incident beam current for CL measurements
was typically 300-400 pA. The panchromatic CL map in figure 6 is 100 x 100 pixels with
acquisition time of 100 ms per pixel. Spectrum line scans were acquired by rastering the electron
beam in small steps across individual NWs and acquiring full CL spectra at each beam position.
Photoluminescence (PL) measurements were performed on samples in air using a Raman
microscope (Horiba Xplora plus) with a 100x objective at excitation wavelength of 532 nm and

laser power 0.168 mW.
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