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Semiconductor nanowire based devices are amongst the most promising structures to meet the 

current challenges of electronics, optics and photonics. Due to their high surface-volume ratio 

and excellent optical and electrical properties, low power, high efficiency and high-density 

devices can be achieved. This is of major importance for environmental issues and economic 

impact. Semiconductor nanowires have been used to fabricate high performance devices, 

including detectors, solar cells and transistors. Here we demonstrate a technique to transfer 

large area nanowire arrays to flexible substrates whilst retaining their excellent quantum 

efficiency in emission. Starting with a defect-free self-catalysed molecular beam epitaxy 

(MBE) sample grown on a Si substrate, GaAs core-shell nanowires are embedded in a 

dielectric, removed by reactive ion beam etching and transferred to a plastic substrate. The 

original structural and optical properties, including the vertical orientation, of the nanowires 

are retained in the final plastic substrate structure. Nanowire emission is observed for all stages 
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of the fabrication process, with a higher emission intensity observed for the final transferred 

structure, consistent with a reduction in non-radiative recombination via modification of 

surface states. This transfer process could form the first critical step in the development of 

flexible nanowire based light emitting devices. 

 

KEYWORDS: Nanofabrication, Semiconductor Nanowires, Flexible Substrates, 

Photoluminescence. 

 

Flexible electronic and photonic devices have been the focus of significant interest in the last 

few years. The flexibility of these devices allows the potential development of foldable and 

generally distortable sensors, detectors, circuits and photovoltaics1–7. Semiconductor 

nanowires, single crystals with diameters of a few nanometers and lengths on the micrometer 

scale, have already been used as fundamental building blocks in both electronic8–12 and 

photonic13–18 devices. A significant advantage of these structures is that they prevent the 

formation of some common defects, i.e. threading dislocations, hence reducing non-radiative 

phenomena and greatly improving device performance. In addition, their freestanding nature 

makes them ideal candidates for the basis of devices on flexible substrates. However, the 

structural composition and quality of the nanowires is critical for the optimised performance 

of the final devices. Semiconductor nanowires are usually grown on semiconductor substrates; 

this is a requirement for the control of defects and to achieve nanowires of the highest possible 

structural and optical quality19–22. The templates on which the nanowires are grown is hence of 

crucial importance to achieve high quality nanowires.  

The ability to grow high quality semiconductor nanowires directly on flexible substrates is 

very restricted, due to a lack of suitable templates and the high temperatures needed for growth, 
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either by CVD or MBE; neither of these is compatible with direct growth on plastics23, 24. One 

exception is the fabrication of vertical ZnO nanowires directly on an indium-doped tin oxide 

(ITO) coated PET substrate14, but this process is incompatible with the epitaxial techniques 

used to fabricated III-V nanowires.  Given these difficulties an alternative approach is to form 

the nanowires on a semiconductor substrate and subsequently transfer them post-growth to a 

new and flexible substrate. Techniques to obtain nanowires on flexible substrates, based on 

mould or liquid transfer methods, have been widely reported. However, these generally result 

in horizontally oriented semiconductor nanowires on the flexible substrate25–27. For many 

applications, vertical oriented nanowires are required as this allows electrical contact to many 

nanowires in parallel, as required, for example, in edge emitting lasers28 or where an array of 

nanowires is used to form components of a photonic crystal29.  

There have been a small number of reports of techniques which maintain the vertical 

orientation of the nanowires. These include an etching step which forms horizontal cracks in 

the nanowires, allowing them to be broken away from the substrate30,31, a printing method32, 

insertion into a PMMA [poly(methyl methacrylate)] layer33 or embedding in a 

polydimethylsiloxane (PDMS) polymer matrix34. However, all these techniques were 

demonstrated for semiconductor nanowires with indirect bandgaps, Si in references [30, 31, 33 

and 34] and GaP in reference [32], and hence no studies of the emissive properties of the 

transferred nanowires were possible. The transfer of nanowires retaining a high emission 

quantum efficiency is challenging, as any surface damage has a potential high impact in these 

large surface area to volume structures. For example, the etching steps of [30] and [31] may 

prove problematic, with the former also including a high temperature, high pressure step. Other 

techniques appear to require relatively long nanowires, [32], [33] and [34], and/or result in 

nanowires with a significant length distribution, [32] and [33], which complicates subsequent 

electrical contact. It is therefore necessary to develop a technique which allows the transfer of 
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large area arrays of vertical light emitting nanowires whilst preserving their initial high 

quantum efficiency.   

 

 

 

Figure 1: GaAs nanowires on flexible substrate fabrication process a) Molecular beam 

epitaxy as-grown GaAs nanowires on a silicon substrate. b) The same sample embedded with 

S01805 photoresist solution. c) Reactive ion etching with an SF6 and O2 plasma which releases 

the nanowires from the Si substrate. d) Free-standing nanowire layer that is transferable 

between substrates. e) GaAs nanowire free-standing layer initially transferred to an 

intermediate glass substrate. f) The nanowire layer transferred successfully to a flexible 

substrate. All the pictures show real samples at different stages of the growth and transfer 

process, the scale bars are 1cm. 

 

In this paper, we report the fabrication of device-enabling, light emitting GaAs nanowires on 

flexible substrates (Figure 1) by contact transfer of a thin layer of nanowires. Following growth 

on a Si substrate (Figure 1a) and embedding within a dielectric (Figure 1b), a reactive ion 

etching step (Figure 1c) is introduced to release the nanowire layer from the substrate (Figure 

1d). The nanowires are transferred to a new substrate via a liquid environment and an 

intermediate substrate (Figure 1e). The transferred layer preserves the nanowires’ orientation 

and alignment, resulting in nanowires oriented perpendicular to the surface of the new substrate 

whilst retaining their emissive properties (Figure 1f). Compared to previous reports that also 



 5 

used a dielectric layer33,34, the present technique uses a more controlled reactive ion etching 

step rather than an applied force to remove the nanowires from the original substrate. The 

reactive ion etching step has a high degree of control and can be optimised to minimise damage 

to the nanowire surface whilst promoting detachment from the original Si substrate. The final 

transferred area varies from 1 mm2 up to 1 cm2, see pictures of the transferred samples in Figure 

1f. By careful controlling the dielectric composition and/or reactive ion etching parametrization 

(gas fluxes, process time and RF power) and chemistry (gases used), it should be possible to 

extend this transfer technique to other III-V nanowire systems (i.e. InP, GaAsP, InGaAs etc.). 

Our results demonstrate the potential of this new transfer technique to develop high 

performance nanowire devices, for example solar cells, lasers and detectors, on flexible 

substrates.  

Semiconductor nanowires were grown by MBE following a homogeneous core-shell 

architecture, with the same material, GaAs, deposited with different growth conditions for both 

the core and shell (see Methods). The growth conditions have been demonstrated to result in 

almost defect-free nanowire structures while allowing the subsequent growth of the shell 

material. The deposited nanowires are determined to have a length around 4-5 µm and a 

diameter of 200 nm, see Figure 2a. The surface of the nanowires is expected to form a thin 

oxide layer on exposure to the atmosphere. This layer will be present for all processing stages 

and the optical characterisations discussed below.  
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Figure 2: SEM image of GaAs nanowires at different processing stages. - SEM images of 

the GaAs nanowires during the different fabrication stages and on the final flexible substrate. 

a) As-grown GaAs nanowires on a silicon substrate. b) As-grown GaAs nanowires embedded 

within S1805 photoresist solution on the same substrate, prior to removal by reactive ion 

etching. c) SEM image of the transferred nanowire layer with the nanowire tips facing up. d) 

SEM image of the transferred nanowire layer with the cluster layer facing up. 

 

The as-grown nanowires are not homogeneously spaced but are very straight and present 

homogeneous heights – Figure 2a. Additional material, referred to as clusters, is present on the 

substrate between the nanowires. It is believed that this is poly-crystalline GaAs and its 

deposition is associated with the growth conditions used to form nanowires on un-patterned 

substrates with a continuous oxide layer. Following growth, the nanowires were embedded 

within a dielectric layer by spin coating (see Methods). From several tested solutions, a 1:1 

dilution of Photoresist S1805 with Ethylacetate was found to give the best coverage and 

impregnation following spinning and heat treatment. This solution has a low viscosity, 
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allowing for better flow in between the nanowires, while not being toxic and environmentally 

harmful, compared, for example, with BCB pastes. The as-grown nanowires on the silicon 

substrate are embedded within the dielectric photoresist by carefully spinning it into the 

nanowire sample and applying a heat treatment step. In order to dispense the photoresist 

solution without compromising the verticality of the nanowires and/or causing bending, a 

micro-pipette was used and the solution dispensed in a corner of the sample without nanowires 

present. In this way, the diluted photoresist solution is impregnated into the sample by capillary 

action along the surface and between the nanowires. Spinning the sample ensures a uniform 

thickness of the solution which is cured by the subsequent heat treatment. Overall, 4 dielectric 

layers are deposited to give a final thickness of around 2 µm, roughly half of the nanowire 

length. Depending on the dimensions of the grown nanowires, the dielectric layer thickness can 

be changed accordingly to achieve the correct dielectric to nanowire ratio (1:2). 

Figure 2b shows a SEM image of the nanowires still on the Si substrate but embedded in the 

dielectric. It can be seen that there is a tendency for some nanowires to agglomerate together 

at their tips. Despite trying to minimize this phenomenon, the high nanowire density and their 

random spacing makes it impossible to totally eliminate this effect. Figure 2b clearly shows 

the presence of the dielectric and also that the cluster layer between the nanowires appears to 

be completely covered. Despite some islands of nanowires with their tips touching, the majority 

of the nanowires remain vertical and retain their original structural properties. The outcome of 

the processing steps is a nanowire layer which is sufficiently structurally robust to withstand 

the reactive ion etching process required to remove it from the Si substrate. This is achieved 

by impregnating a dielectric ‘glue’ layer within the nanowire ‘forest’. 

Reactive ion etching (RIE) was used to release the nanowire-dielectric composite layer to 

give a substrate-free nanowire layer (see Methods). The sample was placed in the centre of the 

chamber and after the process is completed, the nanowire plus residual dielectric composite 
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layer curls upon itself, sitting on the silicon substrate (see picture on Figure 1c). The detached 

free-standing layer is now transferrable to a new host substrate. In the current study, this newly 

‘peeled-off’ nanowire layer was transferred to a plastic substrate via liquid immersion in 

methanol.  

SEM images of a nanowire layer transferred onto a plastic substrate is shown in Figures 2c 

and d. Figure 2c shows the layer with the desired orientation, with the nanowire tips away from 

the substrate and facing the electron beam. Figure 2d shows the nanowires bases / clusters 

facing the electron beam, representing the intermediate stage of the transfer process (Figure 

1e). It is interesting to note that the image from the nanowire side shows little evidence of the 

dielectric layer between the nanowires, except a thin layer over the previously observable 

clusters. This indicates that the reactive ion etching process also affects the dielectric layer, 

decreasing its thickness although not removing it completely. For the purpose of this work the 

presence of the dielectric after the etching process is not relevant; as shown below the optical 

and structural properties of the transferred nanowires do not appear to be significantly affected 

by the dielectric. Any subsequent electrical contacting would most likely require the region 

between the nanowires to be completely infilled with an insulating material to provide a planar 

surface for the top electrical contact. This could be achieved by adding additional photoresist 

layers.  The image taken from the cluster side (Figure 2d) indicates a very homogeneous and 

compact layer which makes the entire layer structurally stable, aiding the successful transfer of 

the nanowires to the new plastic substrate. For every transferred sample the adhesion to the 

new substrate after drying of the methanol was observed to be very strong. Water and IPA 

rinsing did not affect nanowires placement and even after physical abrasion of the surface 

remains of the cluster layer could be observed.  

Following the successfully transfer of vertically oriented GaAs nanowires onto a flexible 

substrate, the structural and optical properties were studied and compared to those of the as-
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grown nanowires still attached to a silicon substrate. Raman spectroscopy was applied to probe 

the structural composition by determining the frequencies of the optical phonons. These depend 

upon the material composition but can also be affected by strain. Raman spectra were measured 

over the range 200 cm−1 to 600 cm−1, see Methods for further details. Despite the diameter of 

each nanowire being around 200 nm, roughly 2 to 5 nanowires are probed when considering 

the nanowire areal density (1.8x108 cm-2). When embedded in the dielectric the number may 

increase because of the tendency for the tips to agglomerate. In zinc-blende GaAs the room 

temperature zone centre TO and LO phonon frequencies are 267 cm−1 and 291 cm−1 

respectively. The as-grown semiconductor nanowires (green curve) show the LO and TO 

modes of GaAs on a very flat background, characteristic of a crystalline substrate, such as 

silicon. For the as-grown sample, the TO and LO phonons are shifted slightly to 266 cm−1 and 

289 cm−1 respectively. This shift is attributed to strain in the nanowires. 

 

 

Figure 3: Raman spectra of GaAs nanowires on a flexible substrate - Raman spectra of as-

grown semiconductor nanowires (green curve), embedded sample (red curve) and nanowires 

on a plastic substrate with the nanowires (purple curve) or the clusters (dashed blue curve) 
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facing the laser. The Brillouin-zone centre GaAs TO and LO phonon frequencies at room 

temperature are 267 cm−1 and 291 cm−1 respectively. 

 

The red spectrum in Figure 3 is for the dielectric embedded nanowires still attached to the 

silicon substrate. The main change is the presence of a broad background due to the dielectric, 

see Supplementary Information (Fig S2). The relative intensities, frequencies and linewidths 

of the TO and LO phonons are identical to those of the as-grown structure. This confirms that 

despite the embedding of the nanowires within the dielectric followed by heat treatment, their 

composition is not significantly altered. The temperature used for the heat treatment is 

significantly less than the growth temperature and so is not expected to result in structural 

changes, the Raman spectra confirm this. The purple and dashed blue line spectra are for 

measurements preformed on nanowires transferred to the plastic substrate, with the nanowires 

(purple) or the clusters (dashed blue) facing the laser. The nanowires facing the laser have TO 

and LO phonon modes at identical frequencies to the as-grown sample and exhibit the same 

relative intensity. When the clusters face the laser, the same two modes are present but there is 

a large reduction in the relative intensity of the LO phonon. As the selection rules for scattering 

by LO or TO phonons depends on the surface orientation, the change in the relative LO:TO 

intensity is consistent with scattering from a randomly oriented polycrystalline matrix. Our 

results hence indicate that the clusters are polycrystalline with different crystal orientations 

facing the laser, and poor crystal quality when compared with the nanowires. The Raman 

spectra of the transferred sample with the clusters facing the laser also exhibits a very weak 

feature at 519 cm-1, corresponding to the optical phonon frequency of bulk Si. The presence of 

this feature indicates that a small amount of Si from the substrate is included in the transfer 

process, likely to arise from the reactive ion etching interface (silicon substrate and GaAs 

cluster layer). It is not possible to estimate the amount of Si transferred but given that the 
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corresponding Raman feature is much weaker than that of the GaAs phonons and also that Si 

is a relatively strong Raman scatterer, the amount of transferred Si is very small. The present 

Raman measurements demonstrate that nanowires transferred to plastic substrates exhibit 

identical optical phonon characteristics as the as-grown and dielectric embedded on silicon 

samples. There is a clear difference in the spectra recorded from the transferred samples with 

either the nanowire tips or bases towards the laser. This difference is attributed to the presence 

of polycrystalline GaAs clusters which are also transferred from the silicon substrate. 

Whilst Raman analysis provides important information on the structural properties of the 

samples it is also desirable to directly probe their electronic structure. This was achieved by 

performing micro photoluminescence (µPL) which probes an area ~1 µm2. More details on the 

µPL measurement setup can be found in Methods. As is the case for the Raman measurements, 

it is estimated that approximately 2 to 5 nanowires are probed in the as-grown sample. For the 

dielectric embedded and structure transferred to the flexible substrate the tendency for tips of 

neighbouring nanowires to agglomerate may result in a larger number of nanowires being 

probed. The laser was focussed at the tips of the nanowires which enhances their signal with 

respect to the cluster emission. The nanowires and clusters are found to emit light at different 

wavelengths allowing their relative contributions to be spectrally resolved. As both nanowires 

and clusters are inhomogeneously distributed on a micrometer scale, as observable in Figure 

2, the µPL is also spatially inhomogeneous. Hence initial characterisation of the samples 

involved a spatial mapping, constructed from individual µPL spectra recorded for a spatial step 

size of 0.5 µm over an area between 35x35 and 70x70 µm2. Example maps and spectra are 

shown in the Supplementary Information (Figures S3 and S4). From this mapping it is possible 

to identify regions with either a strong nanowire or cluster emission for each stage of 

fabrication steps (referred to as nanowire or cluster rich regions, see Figure S5) which could 

then be studied in more detail. 
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Figure 4: Comparison PL spectra. Photoluminescence spectra from nanowire rich regions 

for the three stages of the growth and transfer process. Vertical offsets have been applied to the 

spectra of the dielectric embedded and flexible substrate structures for clarity. The laser power 

is ~ 0.6 µW. 

 

Figure 4 shows typical PL spectra recorded from a NW rich region for the three stages of the 

growth and transfer process. The longer wavelength ( ~  845 nm), broad emission is attributed 

to the clusters and the sharper, shorter wavelength emission to the nanowires. Even in nanowire 

rich regions strong cluster emission is present, with the exception of the dielectric embedded 

sample. For all three samples the nanowire emission occurs predominantly below the low 

temperature bandgap of GaAs (1.51 eV  820 nm for the Zinc Blende structure). Given the size 

of the nanowires (diameter 200 nm), confinement energies are expected to be very small 

(estimated from an infinite potential well model to be less than 1 meV). A similar below 

bandgap emission has been reported in other studies of GaAs nanowires35-37. The exact reason 

for this below bandgap emission remains unclear although in [37] it was attributed to type-II 

indirect real space recombination between electrons spatially localised in Zinc Blende regions 

of the wire and holes spatially localised in Wurzite regions. Previous structural studies21 of 

similar nanowires to those studied here suggest a predominantly Zinc Blende structure. Any 
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Wurzite regions are expected to be very small and concentrated towards the edges of the wires, 

these regions are therefore not expected to have a significant influence on the optical properties. 

The spectrum of the as-grown structure shows a number of sharp lines (approximately 5 are 

visible) in the region ~830-850 nm. These lines could arise either from different nanowires or 

from localised states (bulk or surface) in the same nanowire. Given that their number correlates 

with the number of nanowires expected to be probed by the experimental geometry they are 

attributed to emission by individual nanowires. Line widths as small as 0.6nm ( 1.0meV) are 

measured. 

The emission from the dielectric embedded and flexible substrate structure is shifted with 

respect to the as-grown structure, to longer wavelengths for the former and shorter wavelengths 

for the latter. This appears to be a common trend when studying different spatial positions 

across the surface, as shown in Figure S6. Both the emission from the dielectric embedded and 

flexible substrate sample show a substructure but with lines that are much less well defined in 

comparison to the as-grown structure. Further information is provided by power dependent 

PL studies which are discussed below. 

To further study the emission properties of the nanowires, power dependent µPL spectra 

were recorded for excitation powers over the range 50nW to 100µW. Figures 5a, b and c show 

representative spectra for the three stages of the transfer process, in each case the spectra are 

recorded from a nanowire rich region. 
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Figure 5: µPL power dependency study. µPL measurements for different laser powers (0.04 

µW - 3.4 µW) from different steps of the fabrication process. a) As-grown nanowires sample. 

b) Dielectric embedded nanowire sample. c) Nanowires on the flexible substrate sample. The 

inset to c) compares PL spectra for two different powers, normalised to the laser power. The 

spectra in a) and b) are offset vertically for clarity. d) Integrated nanowire emission (for the 

spectral range 800 to 840 nm) for the three steps of the fabrication process. The solids lines are 

guides to the eye and have unity gradient, consistent with excitonic recombination. All the data 

in this figure is recorded from nanowire rich regions of the three structures.  

 

A small blue shift of the emission, typically ~0.5meV, is observed when the laser power is 

increased by ~103. Such a blue shift is expected for a spatially indirect type-II transition with 

electrons and holes separately localised in Zinc Blende and Wurzite structure regions of the 

nanowire. The very small blue shift observed indicates that this is a very small effect in the 

current structures. In addition, the line width of the sharp sub-features increases with laser 
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power, typically doubling when the laser power is increased by ~103.  This behaviour is shown 

in the inset to Figure 5c, which compares spectra at two powers differing by a factor of 13 for 

the flexible substrate structure. Hence the different forms of the spectra for the three structures 

at a common power (Figure 5d) appear to result from the power dependence of the emission 

linewidths.  

Figure 5d shows the power dependence of the nanowire emission intensity for the three 

structures. Because of the complex nature of the emission, the nanowire emission intensity was 

obtained by integrating the relevant spectra over the range 800 to 840 nm. At low powers, the 

emission of all three structures increases approximately linearly with power, suggesting a 

predominantly excitonic recombination. At high powers, the power dependence of the emission 

becomes sub-linear, consistent with a saturation behaviour. The departure from a linear 

behaviour occurs at progressively lower powers for the dielectric embedded, as-grown and 

flexible substrate structure respectively. This trend, coupled with the higher emission intensity 

in the progression dielectric embedded, as-grown and flexible substrate structure respectively, 

is consistent with an increase in the carrier density at a given laser power through this sample 

progression. A higher carrier density in the flexible substrate structure is also consistent with 

lower laser powers being required to observe the sharp nanowire emission. A variation in 

carrier density for a constant laser power requires the carrier lifetime to vary between 

structures. The most likely candidate for this is a variation in the non-radiative lifetime, 

possibly as a result of modifications to the nanowire surfaces. 

The results of Figures 3, 4 and 5 demonstrate that structural properties with strong nanowire 

emission is retained following transfer from the Si substrate to a flexible substrate, although 

there are some changes to the detailed properties of this emission. Therefore, as-grown 

nanowires can be embedded within a dielectric layer without a deterioration of the structural 

and optical properties. A composite ‘free-standing’, transferable nanowire layer is produced 
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after reactive ion etching removes it from the original Si substrate. This process increases the 

versatility of the nanowires, since they can now be transferred to different non-semiconductor 

substrates, opening up a range of applications. These nanowire free-standing layers have been 

successfully transferred to plastic, glass and copper substrates, whilst preserving the structural 

and optical properties. It should be possible to increase the yield of the transfer process by 

introducing an extra drying step, for example CO2 critical-point drying38,39. This newly 

developed flexible nanowire platform could form the basis for foldable and generally 

distortable nanowires sensors, detectors, circuits and photovoltaics. Such devices can provide 

higher efficiencies, improved performance and lower environmental impact. By transferring a 

dielectric embedded nanowire layer to a transparent conductive oxide (TCO) coated flexible 

substrate, followed by the deposition of a top contact, a flexible nanowire solar cell can be 

envisioned. As part of the current studies we have shown that the nanowires can be transferred 

to a number of different surfaces, including plastic, metal and glass, with excellent adhesive 

properties. Electrical addressing of a flexible layer through conductive clusters could allow 

electrical excitation of the luminescence. Finally, this transferrable large area nanowire free-

standing layer can be combined with metamaterials and quantum systems to study new physics. 

In summary, optically active flexible nanowire structures have been achieved by initial 

growth on Si substrates, followed by transfer to a plastic substrate. The transfer process retains 

the nanowire structural and optical properties. Nanowire emission is observed at all stages of 

the fabrication process, with evidence to suggest reduced non-radiative recombination in the 

transferred nanowires, possibly due to modification of surface states. The demonstration of 

optically active nanowires on a plastic substrate is an important first step in the fabrication of 

flexible electronic or optoelectronic devices. Possible devices include flexible nanowire solar 

cells or complex circuits incorporating transistors and/or lasers. 
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METHODS 

 

Nanowire Growth 

 

Gallium droplet catalysed nanowires were grown on native-oxide-covered p-type Si (111) 

substrates by solid-source III-V MBE. The GaAs nanowire cores were grown with a Ga beam 

equivalent pressure, V/III flux ratio, substrate temperature, and growth duration of 8.41×10-8 

Torr, 44, ≈630ºC, and 1 hour, respectively. After the core-nanowire growth, the Ga-droplets 

are consumed by closing the Ga flux but keeping open the As flux. The GaAs shell was grown 

with the same Ga beam equivalent pressure and time as for the core, while the V/III flux ratio 

and substrate temperature were changed to 50 and ≈340 ºC, respectively. The substrate 

temperature was measured by a pyrometer.  

 

Dielectric embedding of nanowires 

 

A dielectric solution of photoresist S1805 diluted in Ethylacetate, ratio 1:1, was spun on the 

as-grown GaAs nanowires sample in order to impregnate dielectric into the nanowire forest. 

The spin coating consists of 3 steps: initial spinning at 500 rpm for 2 seconds, 1000 rpm for 10 

seconds and finally 3000 rpm for 30 seconds. This multistep spinning results in a thinner 

dielectric layer with increased homogeneity. In addition, by slowly increasing the rotation 

speed, bending and damage of the nanowires is minimized. All speed increases occur with a 

ramp-up of 2 seconds. Heat treatment between each of the 4 layers consists of a 60 second bake 

at 115 ºC. After the spin steps, the sample is developed in MF26 solution for 90 seconds. A 

hard bake is applied for 2 minutes at 115 ºC. All heat treatments are performed in a cleanroom 

environment using a hot plate.  
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Reactive Ion Etching and Nanowire layer transfer 

 

The nanowires embedded in the dielectric matrix were placed inside a reactive ion etching 

system (Oxford Plasma Pro NGP 80 RIE) and etched in SF6 (12 sccm) and O2 (3 sccm) for 15 

minutes. The base pressure was 5.5×10-6 mTorr and power 200 W. When the chamber is 

opened following the RIE process the nanowire layer is seen to be curled upon itself and 

remains on the silicon substrate, see Figure 1c and d. The last step to achieve nanowires on 

flexible substrates is to transfer this newly peeled off nanowire layer on to a plastic substrate 

through liquid immersion in Methanol. First, a temporary glass substrate was placed on top of 

the curled layer. When this substrate approaches the dielectric embedded nanowire layer, the 

layer uncurls, allowing the temporary substrate to be placed on top of the nanowires (Figure 

1e). At this point the nanowires are transferred, with the cluster side facing outwards, to the 

glass substrate in the presence of methanol. In order to invert the orientation of the nanowires, 

a repetition of the transfer process is applied, but with a final plastic substrate, Figure 1f. Air 

drying was applied to remove the methanol.  

 

Raman  

 

Raman spectra are measured using a Renishaw RE04 system with a 532nm CW diode laser, 

incident perpendicular to the sample. The laser power is approximately 0.5mW and the spot 

size (obtained with a 50x objective lens) has a working depth of 370 m and a diameter of 1 

m. Spectra are obtained from 200 cm-1 to 600 cm-1 and averaged for 3 accumulations.  
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Micro Photoluminescence (µPL)  

 

PL spectra were measured with a 515 nm excitation laser, 1 s integration time and with the 

sample in a high vacuum inside a flow cryostat (base temperature 6 K). The incident laser was 

focused with an Olympus 20x long working distance microscope objective to a spot size of 1 

µm diameter. The resultant PL was collected by the same microscope objective and focused 

into a 0.75 m spectrometer, where the spectral components were resolved and detected using a 

600 l/mm grating and a nitrogen cooled CCD. The spectral resolution was 0.2 meV.  
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