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Due to their innocuity, Au nanowires present an interesting field of applications in biology
and, particularly, in cancer therapy. Since their morphology and distribution can greatly affect
their performances, being able to control their mode of growth is important. Various
elaboration techniques including “top-down” and “bottom-up” approaches have been
developed. In this work, we propose an efficient maskless method to grow Au nanowires with
the help of hydrogen plasma treatment of Au thin films. We have been able to grow Au
nanowires by taking advantage of spinodal dewetting of an Au thin film and the supply of
silicon radicals resulting from hydrogen plasma etching of amorphous silicon coating the
walls of the reactor. A variety of techniques have been applied to study the microstructure and
the optical properties of Au nanowires. A strong photothermal effect of Au nanowires has
been demonstrated with the help of visible laser light. In order to study the nanowire growth,

the transport of Au atoms is discussed and a growth mechanism is proposed.
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1. Introduction

After the discovery of the wvapor-liquid-solid (VLS) growth mechanism of
semiconductor nanowires (NWs) by Wagner and Ellis in 1964,! little attention was paid on
NWs until Lieber’s group reported the successful synthesis of crystalline Si NWs with
diameters less than 20 nm in 1998.% Since then, many promising applications of NWs from
different materials including semiconductors and metals have arisen.*® Au has been widely
used as a catalyst to grow Si NWs" ® or even to etch Si for mesostructures.’ In the case of
metal NWs such as Au; Ag and Cu, they have been widely used as transparent conductive
materials for electrodes, for example, extensive research on the applications of Ag NWs for
solar cells.'® ™ As far as the application of Au NWs or nanorods, their use in biosensors such

as DNA detectors? and photothermal therapy of cancer'® 4

appears to be the most promising.
The reason behind the application of Au NWs in biology can be explained by two facts. The
first one is that Au is biodegradable, non-toxic and biologically inert. The second one is due
to its unique electrical and optical properties, for example, its strong surface enhanced Raman

scattering (SERS).™® Au NWs are an excellent candidate in photothermal systems such as

ultrafast thermocycling'® and photothermal therapy (PTT), even with visible light.

To synthesize Au NWs, various methods have been developed. First, a “top-down”
method using electron beam lithography (EBL) of an Au film.*” The second method is based
on the chemical or electrochemical reduction of the template.’® This growth method includes
a soft template and a hard template method. For the soft template method, Au NW growth
process is chemically or electrochemically limited depending on the structure-directed
molecules, which acts to inhibit the growth of certain crystal faces. For the hard template
method, for example, anodized aluminum oxide (AAQ) is used as a rigid template for a
chemical reaction-based electrochemical growth. A third method is based on seed-mediated

solution process, where Au NWs are grown from the Au seed in the solution.'® An extension
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of this solution method is a seedless approach, where the nucleation and growth of Au NWs
occurs simultaneously.”® The last method is to fabricate Au NWs by depositing Au onto an

epoxy substrate and then etching the epoxy resin.?*

When considering the application of Au NWs, one of the most important issues is to
control their arrangement. Since Au NWs are etched or grown with the help of a mask, the
control of Au NWs arrangement can be achieved via the control of mask. Therefore, Au NWs
elaboration is limited by the mask fabrication. In this work, we develop a maskless approach
where the direct control of NW distribution is realized by the spinodal dewetting of Au
droplets and Au adatom diffusion. A new Si source to help to grow Au NWs is exploited. Au
NWs are synthesized in a plasma-enhanced chemical vapor deposition (PECVD) reactor using
an Au thin film as a precursor. The advantages of PECVD-based growth method are its fast
growth rate (hundreds of nanometers per minute) and large-scale production (up to several
square meters). Multi-characterization techniques including scanning electron microscopy
(SEM); transmission electron microscopy (TEM); energy dispersive X-ray (EDX);
transmission Kikuchi diffraction (TKD); surface enhanced Raman scattering (SERS), and
laser-induced photocurrent measurements are used to investigate the NWs morphology, their

composition, and their optical properties.
2. Results and discussion

A schematic illustration of the fabrication process to grow maskless Au NWs is shown
in Figure 1. The PECVD chamber is first pre-coated with hydrogenated amorphous Si (a-Si:H)
at 120 °C, with a thickness of 100 nm. A c-Si (111) wafer is chosen as a substrate. The c-Si
wafer is dipped into a HF solution (5 %) for 30 seconds in order to remove its native oxide,
then 5 nm of Au thin film are thermally evaporated on it. The sample was then loaded into the

PECVD reactor. Note that the PECVD reactor was purposely cooled down to room



temperature in vacuum before opening the chamber in order to avoid the oxidation of a-Si:H.
For the NW growth, only hydrogen (100 SCCM) is introduced into the PECVD reactor, the
pressure is fixed at 1.33 mbar and the substrate temperature at 475 °C (calibrated temperature).
Note that the substrate temperature here is calibrated by using Pt100 resistance thermometers.
The plasma is ignited by applying a RF power and maintained for 10 minutes. During H,
plasma treatment, the influence of the plasma power was studied, while keeping other process

conditions fixed.

a-Si:H
H, plasma
Au thin film AuNW
I
120 °C 120 °C 475 °C
(@) (b) (©)

Figure 1. (a) Pre-coating of the PECVD chamber with a-Si:H at 120 °C. (b) Loading a c-Si

substrate covered with an Au thin film. (c) H, plasma treatment of the sample at 475 °C.

Figure 2 (a) and (b) present the corresponding top and side view SEM images of Au
nanostructures obtained after 10 minutes of hydrogen plasma under a radiofrequency (RF)
power of 2 W. It can be seen from Figure 2 (a) that at 2 W, we obtain some nanocrystals
which are randomly distributed on the Si substrate. The inset in Figure 2 (a) shows a single
Au nanocrystal with facetted sidewalls. We can see from Figure 2 (a) that Au atoms evolve
via spinodal dewetting into particles shape rather than a separation into isolated islands.
Moreover, one can also see that there is an empty zone around each Au nanocrystal, where no
Au droplet/particle is present. As shown in the cross-section SEM image in Figure 2 (b), the

Au nanocrystals have an irregular shape of a few hundreds of nanometers in height. By



increasing the RF plasma power from 2 to 5 W, we have successfully grown Au NWSs as
shown in Figure 2 (c). The inset in Figure 2 (c) shows a zoom of the surface. Figure 2 (d)
presents a cross-section view with a single Au NW, and its top view displaying a hexagonal
cross-section in the inset. The facetted NW top end reveals that there is no Au droplet on the
NW top. However, this does not mean that there is no Au droplet on top of the NW during its
growth. By measuring the top end and bottom end diameter of Au NWs, we found that they
are not tapered. The tapering-free of our NWs indicates that the lateral growth does not occur,
and that Au atoms diffuse on the Au NW sidewall to be incorporated into the top growing
surface or droplet. To help understanding the exact function of H, plasma during Au NWs,
other growth experiments are performed. The first one is as follows. Same growth conditions
for Au NW are performed in a stainless steel PECVD chamber without a-Si:H coating, we
observe only the inhibition of Ostwald ripening without growth of Au NW. Note that the
melting points of Au and Si are 1064 °C and 1414 °C, whereas their eutectic temperature is
only 363 °C. Ostwald ripening of Au droplets occurs since Au will interacts with Si atoms
underneath from Si substrate. However, no extra Si adatoms can incorporate into Au/Si
droplet for elongation of one-dimensional nanostructure. The energy of hydrogen ions is not
high enough to sputter the Si atoms from the Si substrate. The second experiment is based on
the change of a-Si:H coating thickness from 50; 100 (Au NW growth case) to 200 nm
followed by the same Au NW growth conditions. For all the a-Si:H thicknesses, we do
observe the growth of Au NWs. In our previous work,” we observed only the inhibition of
Ostwald ripening of Au catalyst by applying hydrogen plasma but no Au NWs because only
atomic hydrogen and H ions were involved during the Au catalyst treatment since the pre-
coating of a-Si:H is not fresh with SiOx grown on it (exposed to air at our standard chamber
opening temperature at 120 °C). These experiments lead us to conclude that running the H,

plasma in an a-Si:H-coated chamber is a key point to successfully grow Au NWs.



10 um

Figure 2. SEM images of VLS-grown Au NWs. (a) Top view and (b) side view of Au NWs
grown under a plasma power of 2 W. Inset of (a) shows a zooming. (c) Top view and (d)
cross-section view of Au NWs on Si grown under a plasma power of 5 W. The inset of (d)

shows a top view image of the NW.

To obtain further information on the properties of the NWs, we first investigated their
microstructure in cross section with the help of TEM and high-angle annular dark-field
(HAADF) scanning TEM (STEM). Figure 3a shows a low magnification image of a FIB
lamella in HAADF-STEM. A higher magnification STEM image is presented in Figure 3 (b)
where one can see a weak contrast inside the NW. Two reasons can be attributed to the
difference in Z-contrast in STEM image. The first difference comes from the different
crystalline quality of several grains, for example, between amorphous and crystalline. The
second one is due to the different chemical elements in the sample, for example, between Au
and Si. Note that the signal intensity in STEM image increases with the atomic number
producing chemically sensitive Z-contrast. The NW is in [1-10] zone axis showing multiple
twinning. The corresponding electron diffraction pattern (EDP) being recorded in that axis
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and parallel to the wire growth axis, the latter was presently [1-10] (Figure 3 (c)). The spots in
the EDP correspond to Au, but with a parameter increase of several percent with respect to
pure Au, which would indicate the out-of-equilibrium presence of a significant concentration
of Si atoms in solution. In other EDPs, some Si spots show up indicating the probable
presence of Si precipitates. The Red box indicates the region investigated in Figure 3 (d),

where a high magnification shows the crystalline lattice of Au atoms is presented.

.Au 002
" AU lll
e AU 220

Figure 3. TEM characterization of crystalline quality of Au NW. (a) TEM lamella of a single
Au NW for radical investigation. (b) Low magnification cross-section view of a single Au
NW. The red box indicates the region investigated by high magnification. (c¢) Corresponding
diffraction pattern of Au NW sample. (d) High magnification of an Au NW showing the

crystalline lattice of Au atoms.



In order to understand the growth mechanism of Au NWs, let us discuss how the Au
atoms from the evaporated Au thin film can diffuse and form an Au NW. It can be seen from
Figure 2 (d) that after NW growth there is no Au droplet on the top end of Si NW. Thus, the
first question is whether there was an Au droplet promoting NW growth. In the standard VLS
growth mode, one of the main reasons to use a metal liquid catalyst is to favor the formation
of a crystalline NW by decreasing the chemical potential difference between the solid NW
and liquid droplet. Figure 4 (a) shows a SEM image of a single Au NW. The inset shows the
facetted sidewall decorated by Au particles (indicated by arrow). We have found that there is
a coverage of Au droplets on the whole sidewall of Au NWs, which should occur after NW
growth. If the Au droplets on NW sidewall were formed during NW growth, the size of the
Au droplet on NW top will reduce causing the decrease of NW diameter, which is conflict
with our observation with tapering-free Au NW as presented previously in Figure 2 (d). We
have reported in a previous study that a H, plasma can stabilize the Au catalyst on a Si NW
but enhance the diffusion of Au atoms on the Si NW sidewall once the plasma is switched
off.2® Therefore, we suggest that an Au droplet could exist on the top of Au NW during NW

growth but diffuses on NW sidewall once H; plasma is switched off.

Figure 4. (a) Axial view SEM image. Inset shows the sidewall of NW decorated with Au
clusters. (b) BF-STEM images of cross-section viewing of a single Au NW. (c) TEM-EDX

mapping of Au atoms in Au NW.



To support such hypothesis, a cross-section imaging of a NW, namely, a lamella
viewing, is desirable. A HAADF-STEM image is presented in Figure 4 (b). The cross-section
of the Au NW exhibits a hexagonal shape. The distribution of different elements in Au NW
has been investigated by TEM-EDX. According to the analysis of TEM-EDX, Au atoms are
identified. It can be seen from the TEM-EDX mapping that Au atoms are distributed
homogeneously and no visible segregation is detected. Therefore, we conclude that Au atoms
exhibit a homogenous radial distribution. By combing TEM-EDX image in Figure 4 (c) and
high magnification viewing in STEM mode (Figure 3 (b)), we have been able to confirm that
the weak contrast in Figure 3 (b) comes from the different crystalline quality of Au NW. Note
that there is an overlap between Si-K and Au-M lines in EDX mapping, therefore, it is
difficult to quantitatively distinguish whether there are Si atoms in Au NWs. Let us recall that
the EDP (Figure 3 (c)) indicates a parameter increase of several percent, which suggests the
presence of Si in the Au lattice. To investigate the microstructure orientation of Au NWs,
TKD has been used. A SEM image of the side view of an Au NW is presented in Figure 5. As
in the case of STEM view (Figure 3 (b)), we observe some contrast from SEM image. The
corresponding TKD orientation mappings of Au NW along X, Y and Z directions are
presented in Figure 5 (a), (b) and (c), respectively. Different colors in TKD mapping indicate
their different orientations. From TKD mapping, we could conclude that Au NWs consists of

several grains with different orientation.



Figure 5. (a) Side view SEM image of Au NW. TKD orientation mapping of the Au NW

along (b) X; (c) Y and (d) Z direction.

Metal NWs, especially Au, have been widely used in SERS measurements®® 2 % due

to their strong localized surface plasmon resonance (LSPR).?® Figure 6 (a) shows an optical
image of Au NWs appearing as dark spots. In order to exploit the huge local field
amplification of Raman light scattered from molecules adsorbed on nanostructured Au
surfaces,?” we covered our sample with an organic dye molecule, namely methylene blue (MB)
10* M (see methods). The main characteristic Raman bands of MB are at 446 cm™ and 1624
cm, due to the C-N—C skeletal bending and the C—C stretching, respectively.® In Figure 6 (b)
we can observe the SERS map of the MB vibrational mode at 1624 cm™ acquired from the
same region showed Figure 6 (a), whose comparison with SEM images highlights a
correlation between the brighter spots (high SERS intensity) and the presence of Au NWs.
The white arrows in Figure 6 (b) indicates the positions correspondent to the SERS spectra
presented in Figure 6 (c) where the green line represent the SERS intensity when the light is
collected from the NWs position, i.e. black structures in Figure 6 (a), and far from NWs

(black line), where some Au nanoparticles (NPs) are also present. Both spectra are taken in
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the same experimental conditions and both of them features the characteristic peaks of MB,
but the Au NWs ensure a signal stronger about 27 times compared to Au NPs. A very similar
picture is observed switching the excitation wavelength at 633 nm with a similar intensity
contrast (=30) between SERS on Au NWs and SERS on Au NPs (Figure 6 (d)). The main
difference between the two-excitation configuration is related to the different enhancement of
the peak at 1624 cm™ compared to the one at 446 cm™. In the first case ( dexc = 532 nm),
l1624/1246 =~ 10, While for Aexe = 633 nm), ligaa/lase = 1. This effect is due to the spectral
dependence of the plasmonic properties of Au NWs, which is reflected by the different

amplification of Raman peaks in different spectral position 2°.

(c) . Outside NWs @ 532 (d) Outside NWs 633
50 L nm 800 nm
el On NW On NW @
300} -
= 5 600 446 cm’! 1624 cm!
3 250{446 e’ 1624 cnn! A S
2200 : \ z
i) Si B 400 -
o=t . =1
3 150f / 3
i 8=
100 | MB S
50 -
0 Y ! 0 N el ~ " A ol ]
400 600 800 1000 1200 1400 1600 400 60 800 1000 1200 1400 1600
Raman shift (cm") Raman shift (cm )

Figure 6. SERS characterization of Au NWs at different laser wavelengths. (a) Optical image
of Au NWs; (b) SERS map of the MB vibrational mode at 1624 cm™ for Zex. = 532 nm; white
arrow indicates the position correspondent to the SERS spectra in panel (c) and (d) for Aex =
532 nm and Aexc = 633 nm, respectively. Experimental conditions: Psz, = 20 uW and Pg33 = 30

MW; t = 1s.
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We now perform laser-induced photocurrent measurements on Au NWs-covered Si
wafer under different laser excitation conditions, including controls of the baseline current
level as defined by the recording micropipette (i.e., the current under dark condition) and the
pulse width and laser power from the light source * The light pulse was delivered through a
microscope objective while recording changes of the ionic current. The detailed photocurrent
measurement setup is presented in the Methods parts.*® Before we measure the photocurrent
in the presence of Au NWs, we measured that generated by the native (111) Si wafer. The
current response is presented in Figure 7 (a). Under laser excitation (wavelength, 532 nm), we
observed that the recorded photocurrent polarity changed from positive to negative sign when
the pipette baseline current is switched from + 3 nA to -3 nA. Moreover, there is no
photoresponse when the baseline current is hold at 0 nA. These together suggest that the n-
type (111) Si wafer itself yield only negligible photocurrent. With Au NWs grown on the
wafer, we observed several major changes (Figure 7 (b)). First, we recorded photocurrent with
much larger amplitude (Figure 7 (c)). The current is primarily capacitive, showing a negative
and a positive peak at the onset and the end of the light pulse, respectively. The negative peak
is suggestive of a photoanodic affect, and vice versa. Second, the photocurrent doesn’t change
its sign when the polarity of the photocurrent baseline is flipped, and there is a pronounced
photocurrent recorded at zero baseline current level (Figure 7 (c)). Finally, the temporal
distance between the two capacitive peaks can be readily tuned by changing the duration of
the light pulses, as shown in the current traces recorded under at 0 nA baseline level and
variable pulse width from 1to 5 and to 10 ms, by keeping the power at (Figure 7 (d)). Overall,
these results suggest that the photoelectrochemical effect from the c-Si wafer can be
significantly enhanced with the as-grown Au nanostructures on its surface *. This property
can be potentially leveraged for applications such as photoelectrochemical modulation of

biological activities *'. Since there is no response from the c-Si wafer when the injection
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current is 0 nA, the following measurement is performed at O nA current injection by varying

the pulse width from 1to 5 and to 10 ms, by keeping the power at ~ 56 mW (Figure 7 (d)).

(a) ===
I=+3.0 nAWWWm

1=+0.0 NA whipiipiiismiiimbvoiiipphunoriy

1=-3.0 nA WW

200 pA
5ms
:
(C) < (d) - ,,\’ B 07717 ms . 1ms
" . t5nA w‘
\ 5ms
0 nA
A =5 nA I
- ‘ 10 ms

Figure 7. Photocurrent measurements from a reference c-Si wafer and from Au NWs under
different laser conditions. (a) Measurements on a (111) n-type c-Si wafer; (b) Optical image
of the laser spot on an Au NW; (c) Variation in holding level from -5; 0; to +5 nA by keeping
the laser power at ~ 56 mW and pulse width of 5 ms; (d) Variation in pulse width from 1to 5

and to 10 ms while keeping the laser power at ~ 56 mW and the holding level at 0 nA.

In order to discuss the transport of Au atoms, required to explain the growth
mechanism of Au NWs, it is very important to know the dependence of Au NW growth rate
on NW diameter, since this allows us to analyze the main incorporation pathway of Au atoms.
As concluded from Figure 2, it is plausible to assume that the growing interface is at the top

end of Au NWs. Therefore, we considered that our Au NWs follow a surface diffusion growth
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mode. The length (L) and diameter (D) of Au NWs are measured from cross-section SEM
images. The growth rate (dL/dt) is then calculated by dividing the NW length by the effective
growth time t. The dependence of dL/dt on D is plotted as open squares in Figure 8 (a),
revealing a dL/dt~1/D dependence, where the dominant incorporation pathway of Au atoms is
via the NW sidewall diffusion of Au atoms. By taking into account the mass conservation of

Au atoms and Nernst-Einstein’s diffusion flux expression, we can write down the following

equation:

dL A

—=¥Y— Eq.l
ot d |

where, P=40nD/kgT4, 2 is the specific volume of Au, n is the Au adatom density at NW
sidewall, which is taken as its maximum value (one monolayer) with a value of ~1x10* m™.
The effective supersaturation of Au atoms on NW sidewall with respect to the droplet Au/ksT
equals to 2%%, The diffusion length of Au adatoms depends on the surface state, which is a
very complex system including Si atoms, Au atoms, crystalized Au and surrounding gas and
plasma environment (ions, particles, radicals, etc.). To the best of our knowledge, the precise
value of the diffusion length of Au atoms on such systems is unknown. However, from radial
distribution function, we can estimate roughly the value of the diffusion length. The diffusion
length 1 is estimated to be 7.3 um at our NW growth temperature (475 °C), which equals to
the sum of two contributing paths: the longest NW length grown in this work (2.3 um) and the
half average distance between two adjacent Au NWs (5 um). The average distance between
Au NWs is calculated from the radial distribution function of Au NWs (obtained by using
ImageJ) as presented in Figure 8 (b). The long Au atom collection distance is also the reason
for no lateral growth (one of the tapering-free reasons discussed previously). The distribution
curve exhibits a flat form starting from 10 um, which indicates that Au NWs are randomly

distributed. A fitting curve is plotted in Figure 8 (a), yielding D (diffusivity of Au adatoms on
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Au NW sidewall) to be 2.56x10® cm?/s. The reasons attributed to the random distribution of
Au NWs can be discussed as follows. The Au thin film under hydrogen plasma follows the
spinodal dewetting with random distribution of Au droplets (size and position). Au droplets
with different diameters will cause the diameter of each NW to be different and the random

distribution of Au droplets will induce the random position of Si NWs.
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Figure 8. (a) Evolution of NW growth rate on NW diameter. Red curve presents the fitting

based on Eq. 1. (b) Radial distribution functions of Au NWs.

Let us now discuss the growth mechanism of Au NWs. Once the c-Si substrate
covered with 5 nm of Au thin film is exposed to a H, plasma, there are two main effects
influencing the growing system. The first one is the effect on Au thin film. The Au thin film
follows Ostwald ripening after heating the sample to 475 °C without H, plasma. However,
this Ostwald ripening can be inhibited by applying a H, plasma®. The Au thin film then
follows a spinodal dewetting as shown in Figure 2 (a). In this case, the Au thin film evolves
towards a mesh shape rather than isolated Au droplets. The second effect of H, plasma is its
interaction with a-Si:H-coated reactor chamber walls. During H, plasma treatment, atomic
hydrogen can etch the a-Si:H from the wall*>. The etched Si can be re-deposited on the

samples,® in particularly at the surface of Au thin film (mesh shape) and incorporate into Au
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thin film to form Si/Au alloy at our growth temperature (475 °C). The interaction of Au
adatoms and Si radicals is a key point to successfully grow Au NWs since no Au NW can be
grown without the chamber coating of a-Si:H. The eutectic temperature of the Si/Au alloy
system is 363 °C. Since our growth temperature is above the eutectic temperature, the
diffusivity of Au adatoms and Si radicals can be greatly enhanced. The supersaturation in Au
droplet will increase with the decrease of the droplet diameter because of the Gibbs-
Thomson’s effect. Therefore, Au droplets with a diameter larger than a certain value (e.g. 200
nm in this work) can reach the supersaturation and start the nucleation earlier. Once
nucleation has started, the surrounding Au droplets (within a given range) cannot form new
nucleation sites since the energy barrier to crystallize on a crystalline seed is lower than that
to form a new nucleation seed. However, for Au droplets at distances longer than the diffusion
length of Au atoms (e.g. 5 um in this work), new nucleation events take place in Au droplets
with the right diameter. As a consequence, sparse Au NWSs can be obtained. The continuous
Au thin film with mesh shape is the critical element to grow such kind of Au NWs. Indeed, if
the inhibition of Oswald ripening is not efficient, for example in the case of low hydrogen
plasma powder (2 W), Au droplets with large diameters are separated from the Au mesh thin
film as shown in Figure 2 (a). The diffusion of Au atoms to the Au droplets will be blocked
by the zone without the coverage of Au thin film. In this case, only very short Au nanocrystals

can be grown.

3. Conclusion

To conclude, we have developed an efficient maskless method to grow Au NWs with
the help of a H, plasma. By properly choosing the plasma power, we have successfully
changed the growth process from Au nanocrystals to Au NWs. SEM investigation shows that
these Au NWs are tapering-free. From TEM-EDX mapping, we show that Au atoms have a

homogeneous radial distribution in Au NWs. EDP and HRTEM shows the existence of Si
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atoms in Au NWs. Compared to the adjacent Au NPs, Au NWs feature a stronger near-field
enhancement in the optical spectral range, as evidenced by the SERS intensity scattered by
MB molecules adsorbed at the nanostructures surface, which is about 30 times higher in the
second case. In addition, this characterization may allow to spot the presence of AuUNWSs
without the necessity of SEM analysis. Strong laser-induced photocurrent can be generated
from Au NWs without polarity dependence on current injection. We observed a dependence
of the growth rate as a function of diameter (dL/dt~1/D). This is attributed to the formation of
an Au layer with mesh shape. Our method can pave the way to fabricate metal NWs and can
be easily extended to other types of metal NWs by combing their thin films and H, plasma

treatment.

Experimental Section

TEM lamellar preparation

The standard lamellar preparation method based on focused ion beam (FIB) was used in this
work. The “out-of-plane” Au NWs are randomly scratched to “in-plane” ones by a diamond
pen. A Pt protective layer is then deposited on these “in-plane” NWs to avoid the implantation
damage during FIB process. Note that the first ten manometers of Pt layer are deposited via
electron beam-induced deposition (EBID), then followed by a faster deposition via ion beam-
induced deposition FIB (IBID). The purpose of this two-mode-deposition is to avoid the
contamination of NW surface caused by Ga ions either from IBID or from FIB ion milling.
Then, the Si chunk containing Au NW is lifted out and transferred to a Cu lamellar support.

Finally, the TEM support is load into our TEM platform.

TKD sample preparation

The TKD sample preparation consists of two steps. The first step is to scratch Au NWSs onto a

native Si wafer as in the case of TEM lamellar sample preparation. Then, a single“in-plane”
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Au NW can be picked up with a W tip under optical microscopy, where the sharp W tip is

prepared by electro polishing.

SERS measurements

SERS activity of AUNWSs was studied coating the nanowires surface with methylene blue
(MB), an organic dye with a strong affinity with Au. The sample was immersed in a watery
solution of MB 10™* M for two hours. Afterwards it was rinsed in water in order to remove the

excess molecules not bounded to the Au surface and then dried in air.

Spectroscopic measurements were performed using a LabRAM HR800 micro spectrometer
(Horiba Scientific) equipped with a solid-state laser and an HeNe laser emitting at 532 nm and
633 nm, respectively. The incident beam was conveyed on the sample surface with a BXFM
Olympus microscope via a 100X magnification objective (NA = 0.9). The same path was used
to collect SERS signal in a backscattering configuration and finally recorded by a CCD

detector (Synapse - Horiba Scientific).

Photocurrent measurements

Photocurrent measurements were performed via the method of single channel voltage
clamped recording. This was done using a patch-clamp amplifier and digitizer (Axopatch
200B). The wafer with Au NWs was immersed in 1X PBS (Fisher Scientific) in a petridish.
The top of the vertical NWs was focused on using a water immersion lens (20X/0.5 NA) on
an upright microscope (Olympus BX61WI). Light pulses were delivered through this lens
onto Au NWs. Light pulses were generated using a 532 nm laser (Laser glow, diode -pumped
solid state laser, ~ 5 um spot size) or 515 nm LED (Thorlabs, ~ 500 um spot size). Pulses
were delivered to these light sources using a digitizer (Molecular devices, Digidata 1550). For
recording the photoresponses, glass pipettes (OD: 1.5 mm, ID: 1.10 mm, Length: 10 cm,

Sutter instruments Cat No: BF150-110-10) of ~ 1 MQ were pulled (Sutter Instrument, P-97)
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and their micro-tip lowered and focused on the tip of the Au NW (Gap of ~2 pum) before the
stimulation pulse is applied. A bias of -0.5 V in parallel with the stimulation pulse at various
holding current levels or current injection as the photoresponse recording was done. The data
were analyzed and the origin of photo response elucidated by a previously developed
method.® For concluding on the photothermal measurements on pure native (111) n-type Si
wafer, the same pipette used for recording was calibrated for its resistance as a function of
temperature. For pipette calibration, it was dipped in pre-heated PBS at approximately 50°C
and allowed to cool down in air as the resistance was recorded alongside temperature with a

thermocouple.
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