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ABSTRACT 

We demonstrate the vapor-liquid-solid growth of single-crystalline i-Si, i-Si/n-Si, and 

SixGe1-x/SiyGe1-y nanowires via the Geode Process. By enabling nanowire growth on the large 

internal surface area of a microcapsule powder, the Geode Process improves the scalability of 

semiconductor nanowire manufacturing while maintaining nanoscale programmability. Here, we 

show that heat and mass transport limitations introduced by the microcapsule wall are negligible, 

enabling the same degree of compositional control for nanowires grown inside microcapsules and 

on conventional flat substrates. Efficient heat and mass transport also minimize the structural 

variations of nanowires grown in microcapsules with different diameters and wall thicknesses. 

Nanowires containing at least 16 segments and segment lengths below 75 nm are demonstrated.



3 
 

TEXT 

Introduction 

There remains a need for semiconductor nanowire manufacturing processes that 

simultaneously offer scalability and nanoscale control of composition. Semiconductor nanowires 

are promising building blocks for future electronic,1-5 photonic,6, 7 energy,8, 9 and biological10-12 

applications. The vapor-liquid-solid (VLS) mechanism is a workhorse tool in this regard, 

permitting the growth of nanowire heterostructures such as Si/SiGe,1, 13-15 InAs/InP,16 and 

GaS/GaP6 as well as superlattices of Si/SiGe17 and InAs/InP18, 19 by switching between precursors 

during growth. At the same time, most VLS growth occurs on flat substrates. While useful in many 

situations (e.g., device integration20), the ultimate cost and throughput of nanowires grown on flat 

substrates will be limited by the constraints of 2-D scaling. Many existing and future applications 

will require large quantities of compositionally controlled semiconductor nanowires and devices. 

Existing techniques, such as Aerotaxy21-23 and solution-liquid-solid (SLS) growth,24-27  

offer scalability or robust nanoscale compositional control but generally not both. Nanowires with 

two axial segments, each with a length of ~1 µm, have been shown with Aerotaxy.23 However, the 

short reactor residence of times (~1 sec) complicate the growth of nanowires with significantly 

more or shorter segments. SLS growth permits nanowires with segment lengths below 20 nm,25 

but morphology and uniformity are inferior to that of compositionally homogeneous nanowires.26, 

27 SLS growth in a microfluidic reactor permits nanowires with ~8 segments and segment lengths 

as small as 100 nm,24 but this approach limits scalability. 

The Geode Process28 offers a route to increase manufacturing throughput by leveraging the 

high surface area of silica microcapsule powders while also maintaining the ability to program 
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nanowire composition via the VLS mechanism. Silica microcapsules exhibit porous walls to 

facilitate gaseous precursor transport and are lined on their interior with the metal nanoparticles 

that catalyze VLS growth. Bulk microcapsule powders are synthesized in a scalable process that 

includes emulsion-templating to form the microcapsule, sedimentation to improve microcapsule 

uniformity, and finally drying and calcination to create a flowable powder. “Microgeode” powders 

are formed upon VLS growth of semiconductor nanowires on the microcapsule interiors. To date, 

the synthesis of microcapsule and Si nanowire microgeode powders have been demonstrated.28  

Synthesizing nanowires with precise structural and compositional encoding via the Geode 

Process depends on the rate of heat and mass transport through the microcapsule wall. Mass 

transport is governed by microcapsule wall thickness and porosity while heat transport is governed 

by the thermal conductance of the microcapsule wall, which depends on its composition (i.e., 

silica) as well as thickness and porosity. At high transport rates, precursor pressure and temperature 

on the microcapsule interior would be equivalent to that for flat substrates. Since precursor 

pressure and growth temperature play a critical role in nanowire growth via the VLS mechanism,29-

34 moderate to low transport rates would likely result in nanowires with different structures and 

compositions inside microcapsules relative to those on flat substrates or perhaps no growth at all.35, 

36 Moreover, in cases where transport limitations are non-negligible, powders with a distribution 

of microcapsule structures (e.g., capsule diameter, wall thickness) would likely result in a 

distribution of nanowire structures (e.g., segment lengths, tapering, doping) and necessitate the 

inclusion of purification steps to compensate.   

Here, we study the VLS growth of three types of semiconductor nanowires inside hollow 

microcapsules: nominally intrinsic Si (i-Si), phosphorus-modulated Si (i-Si/n-Si), and 

heterostructured SiGe alloy (SixGe1-x/SiyGe1-y) nanowires. We find that as-synthesized 
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microgeodes contain dense networks of single-crystalline nanowires, thus permitting the use of 

conventional Raman spectroscopy to assess their crystallinity. The achievable compositional 

programming of SixGe1-x/SiyGe1-y nanowires inside hollow microcapsules is essentially 

indistinguishable from that on flat substrates. For SixGe1-x/SiyGe1-y nanowires, we show the 

programming of at least 16 segments, segment lengths below 75 nm, and nanowire-to-nanowire 

segment length variations of less than 6%. These data confirm efficient heat and mass transport 

through the microcapsule wall, underscoring the promise of the Geode Process for the scalable 

synthesis of semiconductor nanowires with programmable compositions. 

 

Results and Discussion 

 Silica microcapsule powders suitable for the Geode Process are synthesized via emulsion 

templating, sedimentation separation, freeze-drying, and calcination (Supporting Information, 

Methods). Figure 1 shows as-synthesized microcapsules at multiple length scales. Microcapsule 

powders appear white and are flowable (Figure 1a). Scanning electron microscopy (SEM) shows 

that microcapsules are spherical and enclosed (Figures 1b and 1c). The average microcapsule 

diameter is 12 ± 7 µm and the average microcapsule wall thickness is 1.2 ± 0.4 µm. The Au 

nanoparticles that catalyze VLS growth line the microcapsule inner surface (Figure 1d, top) but 

not the outer surface (Figure 1d, bottom). Otherwise, the morphology of the microcapsule wall 

appears similar on the inner and outer surfaces.  

 Microcapsule powders serve as a high surface area substrate for semiconductor nanowire 

growth. A custom-fabricated microcapsule powder holder is used during nanowire growth to 

prevent contamination of the chemical vapor deposition reactor (Supporting Information, Figure 
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S1). Figure 2 shows SEM images of microgeodes intentionally opened with mild sonication 

following the growth of i-Si (Figures 2a and 2b) and i-Si/n-Si nanowires (Figures 2c and 2d). In 

both cases, microgeodes exhibit dense internal nanowire growth and limited external growth, along 

with nanowire morphologies consistent with growth on flat substrates. Note the uniformity of 

microcapsule wall thickness in both cases. The SEM image in Figure 2e, which follows selective 

i-Si segment etching with KOH, confirms the compositional encoding of i-Si/n-Si nanowires inside 

microgeodes.37 

We use conventional, diffraction-limited Raman spectroscopy to analyze nanowire 

crystallinity, which highlights the ability of the Geode Process to generate large quantities of 

material. Nanowires grown on flat substrates tend not to offer sufficient signal-to-noise ratio for a 

similar measurement. Raman spectra of empty microcapsules (i.e., prior to nanowire growth) show 

no Raman peaks (Figure 2f, bottom), as anticipated for amorphous silica nanoparticles. Spectra for 

i-Si (Figure 2f, middle) and i-Si/n-Si (Figure 2f, top) nanowire ensembles inside intentionally 

opened microgeodes show intense peaks near 508 and 510 cm-1, respectively. These peaks result 

from the longitudinal optical (LO) phonon of c-Si,38, 39 which supports the single-crystallinity of 

Si nanowires inside microgeodes. The 10-12 cm-1 redshift relative to that for bulk c-Si is consistent 

with that for Si nanowires with Raman laser-induced heating, as would be expected due to the low 

thermal conductivities of the surrounding air and partial silica microcapsule shell.40 

 SixGe1-x/SiyGe1-y nanowires serve as a model system to demonstrate the compositional 

programming that can be achieved inside microgeodes. Figure 3 shows two methods for 

characterizing axial composition: selective etching of Ge-rich segments in H2O2 solution and 

energy dispersive spectroscopy (EDS). To visualize segment etching, we use an intentionally 

lower density of SixGe1-x/SiyGe1-y nanowires containing segments of alternating composition and 
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lengths (Figures 3a and 3b). Microgeodes with larger densities of SixGe1-x/SiyGe1-y nanowires are 

readily possible (Supporting Information, Figure S2), but dense growth makes it difficult to 

interrogate the wire structures in detail. The majority of nanowires exhibit alternating etched (Ge-

rich) and unetched (Si-rich) segments with lengths of ~350 and ~670 nm, respectively. The Au-

rich seed nanoparticles that catalyze VLS growth are visible as bright spots at the tip of some 

nanowires. We observe at least 16 distinct axial segments in individual nanowires (Supporting 

Information, Figure S3). Unetched SixGe1-x/SiyGe1-y nanowires harvested from microgeodes 

following sonication show a periodic sequence of darker and brighter regions (Figure 3c), which 

correspond to the Si-rich and Ge-rich segments.41 After selective etching (Figure 3d), these 

harvested SixGe1-x/SiyGe1-y nanowires exhibit the same morphology as nanowires still inside 

microgeodes (Figures 3a and 3b). EDS mapping of the Ge Lα edge from SixGe1-x/SiyGe1-y 

nanowires inside an intentionally opened microgeode further confirms the ability to encode 

composition (Figure 3e), and is consistent with the SEM images of etched and unetched nanowires 

(Figures 3b-d).  

Transmission electron microscopy (TEM) and scanning TEM (STEM) provide more 

detailed insight into SixGe1-x/SiyGe1-y nanowire composition and structure. High angle annular 

dark field (HAADF) STEM (Figure 3f) reveals SixGe1-x and SiyGe1-y segments consistent with 

those imaged with SEM (Figure 3c). EDS maps (Figure 3g) of Au (top), Ge (middle), and Si 

(bottom) also show the expected composition profile. The nanowire seed particle is largely Au 

(70.4 at.%), but also contains Si (12.8 at.%) and Ge (16.8 at.%). EDS shows that one segment type 

is Si-rich (Si65Ge35) while the other segment type is Ge-rich (Si4Ge96). Upon transitioning from 

the Si65Ge35 segment to the Si4Ge96 segment, the interface width is ~20 nm, but it is ~90 nm upon 

transitioning from the Si4Ge96 segment to the Si65Ge35 segment. Periwal et al. observe a similar 
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trend for Si/SiGe nanowires grown on flat substrates, which they attribute to the reservoir effect 

and the difference in Si and Ge solubility in the Au seed particle.13, 15 Bright-field TEM shows one 

transition between Si4Ge96 and Si65Ge35 as well as the seed particle at the nanowire tip (Figures 3h 

and 3i). Selected area electron diffraction (Supporting Information, Figure S4) and nanobeam 

diffraction (Figure 3h and Supporting Information, Figure S5) analysis confirm that the Si65Ge35 

and Si4Ge96 segments are single crystalline and oriented in the same direction. 

Changes to SixGe1-x and SiyGe1-y segment growth time allow for control over segment 

length but do not appreciably change nanowire morphology, segment composition, or crystal 

structure. Figure 4 shows data analogous to Figure 3 but for Si65Ge35/Si4Ge96 nanowires with 

variable Si65Ge35 segment lengths separated by Si4Ge96 segments of fixed length. Not only do these 

data confirm the programmability of segment length for nanowires grown inside microcapsules, 

but they highlight the ability to control segment length with sub-100-nm resolution (72 ± 4 nm). 

A comparison of segment growth rate for Si65Ge35/Si4Ge96 nanowires grown on flat 

substrates and in microcapsules demonstrates that heat and mass transport limitations are 

negligible. Figure 5a shows Si65Ge35 segment length as a function of Si65Ge35 segment growth time 

for nanowires grown on flat substrates (magenta, open square) and inside microcapsules (magenta, 

solid square) in the same reactor run. The lengths of the fixed-length Si4Ge96 segments on flat 

substrates (gray, open triangle) and inside microcapsules (gray, solid triangle) are also shown. 

Si65Ge35 segment length increases linearly with segment growth time for both substrate types; 

yielding nearly identical growth rates of 13.8 nm/s and 13.7 nm/s for flat substrates and 

microcapsules, respectively. All segments exhibit variations in length of no more than 6.5% of 

their average length. Figure 5b directly compares the segment lengths inside microcapsules to 

those on flat substrates. The data fall near the y = x line, indicating little difference in growth rate 
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between growth in microcapsules and on planar substrates, and underlining excellent control of 

the segment lengths. Since the nanowires measured here are harvested from many microgeodes, 

this analysis also indicates that variations in growth from microcapsule-to-microcapsule are small. 

These data confirm that the heat and mass transport limitations introduced by the microcapsule 

wall are minimal, and that the microcapsule internal temperature and precursor partial pressure are 

nearly identical to those on the outside. 

The rate of precursor transport relative to nanowire growth can be more quantitatively 

understood using time ~ length2/diffusivity. The diffusivity of silane in the microcapsule wall, 

assuming randomly packed spheres, at the growth conditions is ~10-6 m2/s. If the microcapsule 

wall thickness is ~10-6 m, the timescale for silane to traverse the microcapsule wall is ~10-6 s. Since 

the time between nucleation events at the nanowire growth front (i.e., liquid/solid interface) is ~10-

3 s, precursor transport is ~3 orders-of-magnitude faster than nanowire growth. Since the process 

is so strongly limited by nanowire growth rate, even an order-of-magnitude variation in 

microcapsule wall porosity or thickness is unlikely to significantly impact nanowire structure.  

The data in Figure 5b do show subtle differences worthy of mention: Si65Ge35 and Si4Ge96 

segments grown inside microcapsules are slightly longer and shorter, respectively, than those 

grown on planar substrates. We suspect the high reactivity of GeH4 at the growth temperature42 is 

responsible for this observation. GeH4 decomposition on the interior of the microcapsule wall 

would reduce the internal GeH4 partial pressure and thus nanowire growth rate, an effect that would 

be largest for the Si4Ge96 segments. Additional studies are underway to further clarify these effects, 

which do not interfere with the control of nanowire heterostructure. 
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The present study shows the potential of the Geode Process to achieve scalable growth of 

nanowires with controlled heterostructures, but additional work is needed to advance toward a 

viable nanomanufacturing technology. In many but not all situations, nanowire harvesting from 

the microgeode interior and stabilization in dispersion will be necessary. Here, we demonstrate 

sonication as a preliminary nanowire removal method. Future studies will focus on methods that 

combine mechanical and chemical approaches as well as surface functionalizations43, 44 to prevent 

nanowire agglomeration upon extraction. Fabrication of functional nanowire devices leveraging 

the programmability demonstrated herein is another logical next step. This work also highlights 

the need for characterization methods that can statistically assess the distribution of structures and 

electronic properties45, 46 of nanowires in bulk samples. 

 

Conclusion 

We demonstrate the programmable synthesis of compositionally-modulated 

semiconductor nanowires inside microcapsule powders via the Geode Process. Three nanowire 

systems are investigated: i-Si, i-Si/n-Si, and SixGe1-x/SiyGe1-y. Nanowire microgeodes containing 

dense internal networks of single crystalline nanowires are obtained. Detailed characterization of 

SixGe1-x/SiyGe1-y nanowires shows that heat and mass transport limitations due to the microcapsule 

wall are negligible. This feature enables nanowire composition to be controlled with a precision 

like that on conventional flat substrates and reduces microcapsule-to-microcapsule variability even 

for different microcapsule diameters and wall thicknesses. The synthetic capabilities demonstrated 

here set the stage for scalably fabricating and harvesting functional nanoelectronic devices inside 

microcapsules. 
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Figure 1. Microcapsule powder. (a) Photograph of bulk microcapsule powder in glass vial. 

Representative SEM images of (b) microcapsule powder, (c) single microcapsule, (d) inner 

microcapsule surface with Au catalyst particles (top) and outer microcapsule surface (bottom).
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Figure 2. Microgeodes containing i-Si and i-Si/n-Si nanowires. Representative SEM images of 

intentionally opened microgeodes containing (a-b) i-Si nanowires and (c-d) i-Si/n-Si nanowires. 

Scale bars: (a, c) 5 μm; (b, d) 2 μm. (e) SEM image of a representative i-Si/n-Si nanowire following 

KOH etching. (f) Raman spectra of empty microcapsules (bottom) as well as intentionally opened 
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microgeodes containing i-Si (middle) and i-Si/n-Si (top) nanowires. Insets are optical images of 

the microgeode from the Raman microscope that show the location of spectral data acquisition. 

Scale bars: 10 μm. 
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Figure 3. Microgeodes containing SixGe1-x/SiyGe1-y nanowires with constant segment lengths. 

Representative SEM images of an intentionally opened microgeode containing SixGe1-x/SiyGe1-y 

nanowires with constant segment lengths after selective etching at (a) low-magnification and (b) 
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high-magnification. Scale bars: 5 µm and 500 nm, respectively. SEM images of (c) as-grown and 

(d) selectively etched nanowires harvested from microgeodes and observed on track-etched 

membranes. Scale bars: 300 nm. (e) EDS mapping of nanowires inside a microgeode showing Ge 

Lα EDS map in yellow overlaid onto an SEM image of scanned region. Scale bar: 500 nm. (f) 

Representative dark-field STEM image of nanowire harvested from a microgeode. Scale bar: 300 

nm. (g) Au (top), Ge (middle), and Si (bottom) EDS map of a nanowire harvested from a 

microgeode. Representative TEM images of nanowire harvested from a microgeode showing (h) 

Si4Ge96 and Si65Ge35 segments and (i) region near the nanowire tip. Scale bars: 5 nm. Insets in (h) 

are nanobeam diffraction patterns of Si65Ge35 and Si4Ge96 regions along the <112> zone axis and 

with a [111"] nanowire growth direction. 
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Figure 4. Microcapsule-grown SixGe1-x/SiyGe1-y nanowires with different segment lengths. 

SEM images of an intentionally opened microgeode containing SixGe1-x/SiyGe1-y nanowires with 

different segment lengths after selective etching at (a) low-magnification and (b) high-
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magnification. Scale bars: 5 µm and 500 nm, respectively. SEM images of sonicated out variable 

SixGe1-x/SiyGe1-y nanowires from nanowire geodes and observed on top of track-etched 

membranes (c) as-grown and (d) selectively etched. Scale bars: 300 nm. (e) EDS mapping of 

nanowires inside a microgeode showing Ge Lα EDS map in yellow overlaid onto an SEM image 

of scanned region. Scale bar: 500 nm. (f) Representative dark-field STEM image of nanowire 

harvested from a microgeode. Scale bar: 300 nm. (g) Au (top), Ge (middle), and Si (bottom) EDS 

map of a nanowire harvested from a microgeode. Representative TEM images of nanowire 

harvested from a microgeode showing (h) Si4Ge96 and Si65Ge35 segments and (i) region near the 

nanowire tip. Scale bars: 10 nm. Insets in (h) are nanobeam diffraction patterns of Si65Ge35 and 

Si4Ge96 regions along the <01"1> zone axis and with a [111"] nanowire growth direction. 
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Figure 5. Comparison of nanowire segment growth on planar and microcapsule substrates. 

(a) Segment growth rate as a function of growth time for Si65Ge35 segments (magenta squares) and 

Si4Ge96 (gray triangles) for planar (open symbols) and microcapsule (filled symbols) substrates. 

(b) x-y plot of Si65Ge35 and Si4Ge96 segment lengths for nanowires grown on planar substrates and 

those harvested from microgeodes. The dashed y = x line is included as a guide to the eye. 
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Supporting Information 

Additional figures showing the custom-built microcapsule powder holder, selective etching of 

SixGe1-x/SiyGe1-y nanowires, and diffraction analysis, as referenced in the main text. This 

material is available free of charge via the Internet at http://pubs.acs.org. 
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